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Final  Report  on  Contract  N000I4-88-K-O325 
Principal  Investigators:  David  Epel  and  Daniel  Mazia 
Contractor:  Stanford  University 

Contract  Title:  Instruction  at  the  Hopkins  Marine  Station 
Dates:  04/01/88  to  03/31/90 

A.  Student  Selection  Statletles 

A  total  of  57  students  participated  In  ONR- funded  courses  at  the  Hopkins 
Marine  Station  during  the  sunners  of  1988  and  1989.  Applications  came  from 
Institutions  from  all  over  the  US,  from  South  America,  Japan,  Switzerland, 
Italy,  Great  Britain  and  Sweden.  The  accepted  students  ranged  from  advanced 
undergraduates,  students  entering  graduate  programs  to  students  in  their  early 
graduate  careers,  those  near  completion  of  their  Ph.D.s,  post-doctorals  and 
established  investigators.  The  majority  of  students,  however,  were  graduate 
students.  The  acceptance  statistics  arc  provided  below. 

1.  Ecophyslolotv  tni  sd.  Macrophytes 


Year  Applicant  Pool 

Accepted 

ONR  Fellows 

1988 

14 

7 

3 

1989 

22 

9 

9 

Cell  B..1..9lPgy 

Early  peye.lgjpigns 

1988 

23 

14 

13 

1989 

22 

14 

9 

Video 

Mlcroscocv 

1988 

(not  offered) 

1989 

30 

13 

9 

From  above,  43  of  the  57  students  were  able  to  attend  with  OMR  funding; 
support  from  Stanford  University  funds  was  provided  to  some  of  the  remaining 
students  who  participated  and  some  students  were  supported  by  their  home 
institutions, 

B.  Accomplishments  of  Previous  Training  Effort 

The  appended  lecture  and  laboratory  schedules  indicate  the  i.itensity  of 
the  lecture  and  laboratory  aspects  of  the  courses.  The  ’Marine  Macrophyte* 
and  "Developmental  Biology*  courses  also  involved  research  projects.  At  the 
end  of  the  courses  an  Annual  Meeting  (China  Point  Academy  of  Sciences  Slimmer 
Session  Symposium)  is  held  at  which  all  of  the  students  present  their  research 
findings.  The  meeting  is  attended  by  the  students  and  faculty  as  well  as  many 
guests  from  Stanford,  Monterey  Bay  Aquarium,  UC  Santa  Cruz,  MBARI ,  Moss 
Landing  Marine  Laboratory  and  other  near-by  institutions.  The  titles  of  these 
projects  are  also  appended  (the  appended  program  for  1989  includes  a  listing 
of  subtldal  ecology  research  projects  which  were  not  part  of  the  ONR  program). 

The  impact  of  these  courses  is  enormous.  The  course  comments,  solicited 
by  the  University  for  each  course  each  summer,  were  unanimous  in  praise  for 
the  content  and  impact.  In  fact  some  graduate  programs  (ie.  USC,  UCLA,  etc.) 
are  strongly  urging  their  graduate  students  in  marine  sciences  to  take  one  of 
the  ONR-Advanced  Research  Training  Programs  and  particularly  those  at  .’iopkins. 
Other  indications  of  the  Impact  can  be  seen  from  the  consequences  to  the 


Th«  el«ca  of  1989  voo  truly  oxcoptlenol.  Of  tho  bIm  otudtnto,  I  wtrt  tn 
tho  oarly  otogos  of  tholr  graduoto  rostaxch  uhilo  ono  had  juat  oeoplotad  his 
doctoral.  Aliea  Cea  (USC)  la  raturnlng  Co  Hopkins  this  ulntar  to  flnallts  a 
ftv  asptcCs  of  her  rtstarch  on  ths  oolsculsr  rogulatlMi  of  nitrogen 
asslBilatlon  algae.  She  vlll  also  ho  preparing  a  Banuscrlpt  for  puhlleatlon 
on  this  work.  Shelia  Oberto  (UCLA)  exaalned  Boleeular  aspects  of  cold*shoek 
and  la  currently  exploiting  these  techniques  to  study  the  regulation  of 
synblont  population  density  In  tropical  aneaones.  Scan  Fain  (UC  Santa  Barbara) 
and  Haroun  Frick  (ETM<Zurieh)  vorked  together  to  exaaine  the  speciation  In 
Macrocyctls .  the  giant  kelp,  using  RFLP  and  ehloroplast  and  nuclear  DMAs. 

This  work  is  currently  In  aanuscrlpt  fora  and  vlll  be  subaitted  to  the  Journ. 
Phvcolo^v  in  the  next  aonth.  Tenna  Michaels  (Hawaii)  developed  the  use  of 
plant  lectins  to  identify  'recognition  aoleculcs"  on  the  surfaces  of  sesgrsss 
leaves  chat  serve  as  attachaent  sites  for  fouling  algal  spores.  She  is 
continuing  this  line  of  research  for  her  Ph.D.  under  the  supervision  of  Dr. 
Celia  Saith,  one  of  the  course  instructors.  Alan  MilllgsB  (SUNY-Stony  Brook) 
developed  new  techniques  for  Che  isolation  and  stabilisation  of  carotene* 
chlorophyll  proteins  from  aarine  algae.  He  is  now  using  these  techniques  and 
others  learned  in  the  course  to  study  the  fomacion  of  'brown  tides'  in 
coastal  vatars  for  his  degree  work  at  Stony  Brook.  Aljesndro  Cabello-Pasini 
(Stony  Brook)  and  Ian  Stupakoff  (Stony  Brook)  are  both  developing  their  Ph.D. 
research  around  cheir  course  research  projects.  Both  will  return  to  Hopkins 
this  summer  to  follow-up  on  some  of  the  studies  that  they  initiated  in  the 
course . 
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C.  Sunaar  F«culti«s  1988  «nd  1989 


1.  ££ll  fiifilm  fif  Early 


Resident  Faculty:  David  Epel,  Stanford 

Daniel  Mazla,  Stanford 
Doalnlc  Pocela,  Amherst 


Visiting  Faculty:  Zacheus  Cande,  Berkeley  Rich 

Ellen  Dlrksen,  UCLA 
Gerald  Schatten.  Wisconsin 
James  Spudlch,  Stanford 
Frank  Suprynowicz,  Scripps  Clinic 
Robert  Swezey,  Stanford 

2.  Ecophvslology  And  tla-UavilaX  Biology  q£  Marine  tli 


David  Epel,  Stanford 
Michael  Hadfleld,  Hawaii 
Daniel  Mazla,  Stanford 
Gerald  Schatten,  Wisconsin 
Helde  Schatten,  Wisconsin 
Victor  Vacquler,  SIO 

Richard  Steinhard,  Berkeley 


Resident  Faculty:  Celia  Smith,  Hawaii 

Steven  Fain,  Cal  Tech 
Richard  Zimmerman,  U  Chicago 
Jason  Smith,  U  Chicago 
Robert  Smith,  U  Chicago 


Celia  Saith,  Hawaii 
Stevn  Fain,  U  Chicago 
Jason  Smith,  U  Chicago 
Richard  Zimmerman,  U  Chicago 
Robert  Saith,  U  Chicago 


Visiting  Faculty:  Elma  Gonzales,  UCLA  Ralph  Quatrano,  UHC 

Mlal  Koehl,  Berkeley  Valerie  Vreeland,  Berkeley 

Mark  Denny,  Stanford  Mark  Denny,  Stanford 

Lenard  Muscatine,  UCLA  Ladd  Johnson,  Washington 

Rose  Ann  Cattollco,  Washington  Steve  Hanley,  CSU>Long  Beach 
Polly  Penhale,  NSF 
Lynda  Goff,  UC  Santa  Cruz 


3,  Laser  and  Video 


Academic  Faculty: 


Stuart  Thompson  (Stanford) 

Ron  Vale  (UCSF  Medical  School) 

James  Spudlch  (Stanford  Medical  School) 

Sam  Wong  (Stanford) 

Hike  Cahalan  (UC  Irvine  Medical  School) 
Steve  Finkbclner  (Yale  School  of  Medicine) 
Richard  Tseln  (Stanford  Medical  School) 
Lubert  Stryer  (Stanford  Medical  School) 
Stephen  Smith  (Stanford  Medical  School) 
Anna  Spudlch  (Stanford  Medical  School) 

Dan  Madison  (Stanford  Medical  School) 


Coiaacrleal  Faculty:  V.  Artire  (Vital  laagaa) 

K.  Boydaton  (Mafaviaion  Inc.) 

T.  Bruchaan  (Fhetoaatrlca  Ltd.) 

M.  Oalay,  Ph.O.  (Axon  Inatr.  Ine.) 

K.  Handrlcka  (Nikon  Inatr.) 

R.  Haugland,  ^,0.  (Kolacular  Frobaa  Xne.) 
T.  Inoua  (Unlvaraal  laaglng) 

T.  Knightly 

P.  Moora  (Holacular  Probaa  Inc.) 

M.  Shally  (Saa  Studioa) 

E.  Snydar  (Olyapua  Microscopas) 

P.  Stainbaeh  (ETH  Syataas) 

A.  Triable  (Silicon  Craphica) 

R.  Vick  (Photonic  Microscopy  Inc.) 

P.  Vong  (Newport  Corp.) 


0.  ONR  Molecular  Marina  Biology  Fallows 

1.  Ecoohvslolojtv  ssi  Blglpgy  Sd  Marine  Macrophytes 

1988 

Josef  D.  Ackeraan  (Cornell  University) 

Linda  A.  Franklin  (Duke  University) 

Stuart  Slavan  (Univ.  of  Arkansas  School  for  Medical  Sciences) 

1989 

Alejandro  Cabello-Pasini  (SUKY  at  Stony  Brook) 

Sean  B.  Fain  (UC  Santa  Barbara) 

Haroun  Frick  (ETH*Zurich) 

Yu  (Alice)  Cao  (USC) 

Teena  Michael  (Univ.  of  Hawaii) 

Allen  J.  Milligan  (SUNY,  Stony  Brook) 

Sheila  R.  Oberto  (UCLA) 

Ian  Stupakoff  (SUNY,  Stony  Brook) 

Masaiai  Uatanabe  (U  Tokyo) 

2.  Cell  Biology  s£  Early  P.gvf.ls!p.in.eii£ 

1988 

Mark  V.  Haffer  (UC  Davis) 

Navdeep  S.  Jaikarla  (NY  Medical  College) 

Minas  Kocamoglu  (California  State  Universlty-Fullerron) 

Robert  Lauzon  (Stanford  University  Medical  School) 

Sandy  K.S.  Luk  (University  of  Manitoba) 

David  Nagajskl  (University  of  Sussex) 

WilllaiB  J.  Pavan  (Johns  Hopkins  University  School  of  Medicine) 
Clara  A.  Pinto  Correia  (Lisbon  Medical  School) 

Ellen  M,  Popodl  (Marquette  University) 

Custavo  R.  Rosania  (Stanford  University) 

Kristin  F.  Thomas  (California  State  University- Fullerton) 

Marie  A.  Vodicka  (Amherst  College) 

Harry  Witchel  (UC  Berkeley) 

1989 

Marguerite  Chow  (U  Pennsylvania) 


1989  Pilar  Ducei  (Poneifieal  Catholic  Univ.,  Chile) 

Carolyn  M.  Flaaing  (Vanderbilt  Univ.) 

Jan  Hoh  (Caltech) 

Deborah  A.  Jacobs  (Albert  Einstein  College  of  Medicine) 
Suresh  J.  Jasuthasan  (Stanford) 

Andrea  Lanctot  (Stanford) 

Terete  Rakov  (lows  State  Univ.) 

Slmlng  Wang  (Brown  Univ.) 


3.  Video  £11^  Microscopy 
1989 

Susan  DeMagglo  (UC  Irvliie) 

Lise  S.  Eliot  (New  York  State  Psychiatric  Institute) 
Deanna  Frost  (Univ.  of  Oregon) 

Robert  Grad  (Univ.  of  Hawaii) 

Mary  Hagedorn  (Univ.  of  Oregon) 

Fady  Malik  (UCSF) 

Stephen  A.  Strieker  (UC  Santa  Cruz) 

Ben  Stowbrldge  (Yale  Univ.) 

Susan  Treves -Zorzato  (Univ.  of  Padova,  Italy) 


Appendix 


ture/L«bor«tory  Schedule! 


CELL  BIOLOCY  OF  EAltLY  DCVELOPKCTT:  THE  CELL  CYCU 

Jun«  13- July  IS.  19S8 
Hopkliu  K«rtn«  Station 

David  Epal,  Danial  Kazia  and  Doainie  Poccia,  Inatructora 


Laeturaa  will  ba  in  Agassiz  11,  typically  fzoa  9:00  aa  to  noon.  Labs  will 
bagin  -1:00* >1:30  pa  (dapandin^  on  vhao  lactura  is  ovar).  On  days  of  fiald 
trips,  tha  laetura  vill  ba  latar  (tiaa  to  ba  axmouncad). 


Vaak  1 

Juna  13 

Call  activation 

D.  Epel 

14 

Call  activation 

D.  Epel 

FIELD  TRIP  IS 

Cell  activation 

D.  Epel 

Call  peraeabilization 

Robert  Swezey  (HMS) 

FIELD  TRIP  16 

Call  cycle 

D.  Mazla 

17 

Cell  cycle 

D.  Mazla 

Week  2 

June  20 

Mitotic  apparatus 

D.  Mazla 

21 

Cytoskeleton/Cytokinesis 

Jaaes  Spudleh(Stanford) 

22 

Chroaosose  noveaent 

Zacheus  Cande  (UCB) 

23 

Mitotic  chroaosoae  condensation 

D.  Poccia/D.  Mazia 

24 

Weak  3 

June  27 

Spematogeivesis/Pronuelear 

activation 

D.  Poccia 

28 

Histones  in  the  Cell  Cycle 

S.  Poccia 

29 

Clliogenesis 

Ellen  Dirksen  (DCLA) 

30 

Cell  Organization 

Gerald  Schatten(Visc) 

FIELD  TRIP-July  1 

Protein  Phosphorylation  in 

Frank  Suprynovicz 

the  Cell  Cycle 

(Scrlpps  Clinic). 

Veek  4 

July  4 

5 

RESEARCH  PROJECTS 

6 

■  « 

7 

•  m 

8 

m  m 

Week  5 

July  11 

•  • 

12 

•  « 

13 

■  • 

14 

•  • 

15 

CLASS  SYMPOSTDH 

CELL  ElOLOCY  OF  EAU.Y  DEVELOPKEirr:  TME  CEIL  CYCLE 


JufM  13- July  15.  1911 
Hopkins  Ksrlno  Station 

David  Epol,  Danlol  Kasla  and  Doalnle  Focela,  Inatruetots 


Laeturaa  will  bo  In  Agaaala  11.  typically  fro*  9:00  as  to  noon.  Labs  will 
basin  •>1:00>«1:30  p*  (dapandinf  on  vhan  laeturo  la  ova r).  On  days  of  flald 
trips,  tho  laeturo  will  bo  latar  (tlao  to  bo  announced). 


Voak  1 

Juno  13 

Call  actlvaCloTt 

D.  Epal 

14 

Coll  activation 

D.  Epal 

FIELD  TRIP  15 

Coll  activation 

D.  Epol 

Coll  paraaablllzation 

Robert  Swezoy  (HMS) 

FIELD  TRIP  16 

Coll  eyelo 

D.  HazU 

17 

Coll  eyelo 

D.  Hazla 

Week  2 

June  20 

Mitotic  apparatus 

D.  Hazla 

21 

Cytoskalaton/Cytokinesis 

Jaaes  Spudlch(Stanxord} 

22 

Chroaosoaa  BovoaonC 

Each  *u  Cando  (UCE) 

23 

Mitotic  chroaosoaa  condensation 

D.  Poceia/D.  Mazla 

24 

Vaak  3 

Juno  27 

Spamatosanosis/Pronuelaar 

activation 

D.  Pocela 

28 

Histones  la  tho  Coll  Cycl* 

D.  Poccla 

29 

Clllosanasls 

Elian  Olrkson  (UCLA) 

30 

Coll  Orsanlzatlon 

Carald  Sehatton(Visc) 

FIELD  TRIP-July  1 

Protein  Phosphorylation  in 

Frank  Suprynoviez 

tho  Call  Cycle 

(Scrlpps  Clinic) . 

Week  4 

July  4 

5 

RESEARCH  PROJECTS 

6 

■  • 

7 

•  * 

8 

■  m 

Week  5 

July  11 

9  m 

12 

9  9 

13 

9  • 

14 

•  • 

15 

CLASS  SYMPOSIUM 

1421 


SuaMf  1964 

Oair 

loo.  JUD*  13 

Twas.  Jun*  14 

V*d.  Juaa  IS 

Thurs.  Jun*  16 

2t30  p.a. 
frl*  Juf>*  17 
lltOO 

4)00  p. ». 

Sat.  Jun*  16 


tCOPHTSIOLOOT  I  CXU.  IIOLOOT  Of 
IA12K  lACtOriTTIS 

tactwra  Schadal* 

vcn  1 

Tba  Tatar-*  and  Subtidal  Zonaa 

Tha  Cbloropbfta 

Tha  Rhodoph/ta 

Tba  RhodophTta 

Tba  PhaaophTta 

Tha  Kalpa 

letartidal  Tranaact 

Tha  Saagraaaaa 

Rontarap  Baj  A^ariua  Tour 

Rora  Xntartldal  Fiald  Work 

Optical  Propertias  of  tha  Vatar  Coluaa 

Light  Phanoaaaai  Plgaaata  and  Photoracaptioa 

BQPKllS  LECTURE 
Voaan  la  Sciaoca 

Big  Sur  Fiald  Trip  (6)00  to  ca.  2)00> 


Lacturar 


C.  Salth 
C.  Saith 
C.  Saith 
C.  Saith 
C.  Saith 
C.  Saith 

R.  Albarta 

R.  Ziaaaraan 
R.  Albarta 

P.  Paohala 


VCO  II 


Ion.  Juno  30 

Tuoo.  Juno  31 

Votf.  Juno  23 

Thura.  Juno  33 

Fri.  Juno  34 

ovoning 
Sot.  Juno  3S 


HoJoeular  Toola  for  Studying  Idopisiion 
lorlno  Syubioooa 

Torgoiiag  ond  Coll  Voll  Synthooia 
Figaont-Frotolno  t  tho  Fhotooyatbotie  Unit 
Coll  4  loloculor  tielogy  of  Oiloroploota 
Light  Booctiona  in  Fhotosyathosia 
Applicationa  of  DBA  Tochnologioa  to  Algoo 
Light  Adaptation  in  Algao 
DRA  folynor^ionot  Barkora  for  Spaciatioa 
Photoaynthotie  Carbon  Batabolln 
Boarareh  Projoet  Diacuasiono 
Ado  Iuovo  Piold  Trip  UOtOO  to  ea.  3t00) 


I.  Alborto 
L.  Iwacatino 
t.  Oonsalos 
R.  Alborto 
R.  Alborto 

R.  Alborto 

S.  Fain 

R.  Alborto 

S.  Fain 

R.  Alborto 


VCd  111 

Bog.  Juno  27  Carbon  Botaboliaa  4  Partitioning  R.  Alborto 

lutriont  Dyoanlea  in  Algao  R.  fianornan 

'.*uoa.  Juno  2S  Ritrogon  Aaalnilatloo  and  Botaboliaa  R.  Zianoraaa 

Intogratioa  of  Botaboliaa  and. Coll  Procoaaoa  R.  Alborto 

.  Tod.  Juno  39  laaunologieal  Hotboda  for  Bacropbytoa  R.  Alborto 

BOPKIIS  LEC7VSS  > 

4:00  p.  a.  Bolocular  Approacboa  to  Algal  Pbylogonloa  R.'  Caitolieo 

Tbura.  Juno  30  Stroaa  in  tbo  Intortidal  C.  Saltb 

Salinity  and  Toaporaturo  Stroaa  C.  Saltb 

Frl.  July  1  Fluid  Dynaalca  of  tbo  Intor-  4  Subtldal  B.  Donny 

Paraaitlaa  la- Bod  Algao  L.  Goff 

Sat.  July  2*  Elkhorn  Slough  Fiold  Trip  3:00) 

- • 


vsn  If 


ICSCAKS  rtOJtCTS 


loa.  Jwly  4  ficnle 


tw.  Svif  9  fii  iia  lenMiAi  umntc 

4i00  |>.a. 

flsh«r  lall  Silicon  and  Llici  Vbnt  tJ>*  Diaion 

Cm  Toll  tta  f.  folcnr.2 

Vorfa.  Jvlf  €  Cavlre.^a«nial  Control  of  T1»*  Call  Cyela  J.  Salili 

(9t00  a.  a. ) 

Tkura.  July  7  Lifa  in  raducing  Sadiaanta  t.  Saith 


VtXS  T 

ftfSCARCH  rtOJCCTS 


Ron.  July  11  floa«  Flapping  and  fboteaynthaalat  I.  Xoahl 

Tbatola  of  Undwlata  lladas 


July  14'19  Raaaareh  Frojaet  taporta  •  NKS  Annual  Htaiiog 


UiOlUTQtT  tCMOiUa 


Hon.  Jwn.  13 
Tuoo.  Jva  14 
V»tfo.  J«in  19 
Thwrs.  Jua  1ft 
fri,  Jua  17 

Sat.  Jua  1« 


Ron.  Jun  20 
Tuaa.  Jun  21 
Vada.  Jua  22 
THura.  Jun  23 
frl.  Jun  24 
Sat.  Jun  29 


Bon.  Jun  27 
Tuaa.  Jun  2ft 
y»4fa.  Jun  29 
Tbura.  Jun  30 
frl.  Jul  1 
Sat.  Jul  2 


Jul  5*13 
Jul  14-15 


na  I 

Laboratory  •  Oraaa  Alga# 

Laboratory  •  lad  Alga# 

Laboratory  •  Brora  Algaa 

fiald  •  Xatartidal  Tranatct.  Data  Analyaia  tLotua) 
Fluid  •  Inturtldal  York,  Data  Diacuaalona 
Flgaunt  Aaalyaua  and  Spuctrophoteautry 
Fluid  Trip  to  Big  Sur 

na  11 

Qrygun  Carhaagu  Tuchnologlua/Spuclropkotoautry 
Ruaauruaunt  of  tuactlon  Cuntura.  FSU  alzua 
Frotoplaat  laolatlon 

laolatlon  and  Furlfleatlon  of  DIA  and  UA  * 

DRA  luatrletlon  Rapping 
Fluid  Trip  •  Ana  luuvo 

VfXR  III 

m 

Rltratu  Aaslallatloo  -  Rltratu  Ruductaao 
Aanonlua  Aaalallallon  -  Olutaalau  Sjaikutaau 
Frotula  laolatlon  and  Suparatlona/Vratura  Blotting 
la  aitu  XnauBO-locallsailona 
Flnoruacuncu  Ricroacopy 
Fluid  Trip  -  Clkhora  Slougk 

RCEXS  If  A  f 
RCSTAROI  FROJtCTS 
Ruaaarcb  FroJuct  fiaauntatlona 


Junt  19 

Jun*  20 

JuBt  21 

JuD«  22 

June  24 

Junt  2€ 

Junt  27 

Junt  28 

Junt  29 

Junt  10 


TENTATIVE  LECTURE/riSLO  TKlf  SCSEOULI 

BIOLOCY  136— CELL  BIOLOGY  OF  EARLY  DEVELOPMENT 
Sunntr  1989 

9:00  AM  -  Lteturt  •  Introduction  to  courst 

(D.  Ntxitl 

Itproductivt  pttttrns 

(8.  Itdfitld) 

1:00  PM  -  Lteturt  *  EcLinoid  dtvtlopBtnt 

(D.  Eptl) 


6:00  AM  *  ritld  trip 

9:30  AM  -  Lteturt  -  Pttterns  of  tarly  dtvelopnent 

(Btdfitld) 


6:00  AM  -  ritld  trip 

9:30  AM  >  Lteturt  *  Ctttropod  dcvtloptent 

(Btdfitld) 


7:00  AM  -  ritld  trip 

10:00  AM  *  lteturt  -  Polychtttt  dtvtlopBtnt 

(Btdfitld) 


9:00  AM  ■*  DfTtlopatnt  in  ttltcttd  group* 

(Btdfitld) 


Lteturt  -*  9:00  AN  '  rtrtilizttion  iDd  tht 
initittioD  of  tnbryonic  devtlopatot,  ptrt  1  (Eptl) 

9:00  AM  -  r*rtilizttion/tgg  tetitttion,  ptrt  2  (Eptl) 

9:00  AM  -  Sptra  tetivttion/aotility  (Vtcquitr) 

9:00  AM  -  Spert  activttlon/acroso**  rttetion  (Vtcquitr) 

9:00  AM  -  Sptrn-eqo  ttttchBtnt/etb*r  tsptct*  of  tqq 
tetirttion  (Vtcquitr/Eptl) 


TENTATIVI  LtCmi/rilLD  TRIP  ICBtDUU  (Coat.) 

BIOLOCT  Ue— CEt4.  IIOLOCY  OF  EARLY  9EVELOPKEMT 

July  3  9:00  AM  -  Mitotic  cyclo  (Mazii) 

July  4  HoliJay 

July  S  9:00  AM  *  rortilizatioa/proouclttr  futioo  (Scbzttcn) 

July  4  9:00  AM  -  Me*  actbodz:  aicrotcopy  and  iBa0t  procesaiagi 

(Scbattaa) 

July  7  9:00  AM  *  Centroaoaea  (Mazia.  Scbattaa  aad  Scbattaa) 

4:00  PM  -  Statioa  aaaiaar  *  "Caaa  Ragulatioa  ia  taa  urcbia 
davalopaaat**  (Eric  Davidsoa,  Cal  Tacb) 

July  10  -  July  20  RESEAP.CB  PROJECTS 

July  11  4:00  PM  •  Yaa  Mitl  Maaorial  Locturo  >  by  Barlya  Balvoraoa, 

HBL,  "Polypboapbata:  A  Storage  Rtaervo  of  Pboapbata 
or  Eaargy?" 

July  17  9:00  AM  >  "Calciua  duriag  tba  Call  Cycla” 

(Richard  Staiabardt,  UC  Barkalay) 


July  21 


Reports  oa  Rasaarcb  Projects 


CCOrHYSlOLOCY  4  C£LL  4XOLOCY  Of 


Sumer  1989 

Date 

HARINE  HACROPHYTCS 

Lecture  Schedule 

14  2H 

Lecturer 

Hon.  June  19 

UCEX  1 

The  Inter*  and  Subtidel  Zones 

C.  Salth 

The  Chlorophyte 

C.  Smith 

Tues.  June  20 

The  Phaeophyte 

C.  Smith 

The  Phaeophyte 

C.  Smith 

Ued.  June  21 

The  Rhodophyte 

C.  Smith 

The  Rhodophyte 

C.  Smith 

Thurs.  June  22 

Seagrasses 

R.  Alberte 

4:00 

Hopkins  Sunuoer  Seminar.  Fisher  Lecture  Hall 

0.  Schlel 

Frl.  June  23 

Intertidal  Field  Uo;k  Discussion 

Student  Teams 

Algal  pigments 

R.  Alberte 

• 

Light  Fhenomene:  Light  harvesting 

R'.  Alberte 

S«t.  June  24 


Bl§  Sut  Field  Trip  (depart  Hopkins  @  8:30  return  ca.  3:00) 


RESEARCH  PROJEaS 


Thurs.  July  12  Imaunologlcal  studies  of  slfsl  cell  veils 

(locturt  end  leb  deoo) 


VEEX  V 

RESEARCH  PROJECTS 


V.  Vrtelend 


July  21 


Rcseerch  Project  Reports  •  HMS  Annuel  Meeting 


Thurs.  July  i  OHA  prob«  l«b«llln(  techniques;  Filter  hybrtdlzetlon 

RNA  fractlenetlon 

Fci.  July  7  Fluorescence  Microscopy 

Set.  July  8  Field  Trip  •  Clkhorn  Slouch 

WEEKS  IV  &  V 

Jul  10-20  RESEARCH  FROJECTS 


Jul  21 


Research  Project  Presentations 


USD  4  VIDEO  HiaOSCOPY 


Hepkln*  H«rin«  Station  and 
Dopt.  of  Kolocular  4  Callular  fhaylolajjr 
Stanford  Unlvoraity 
SuoMT  i9S9 

(Prallalnary  Schadulo) 

Mon.  July  24TH 

9*11  VoleoBO  to  KMS  4  autual  Introductiona  •  Thoapson 

11*12  Introduction  to  oloctronle  light  nicroscopy  (ELK)  •  Salth 

I  Bogin  lab  work 

4«5:30  SJS  lab*  aoainar  saaplor 

Tues. 

9*10  Fundaaontala  of  ELM  (Electronic  Light  Microscopy)  •  SJS 

10  Video  fundaaontala  *  Vick 

4  Fluorescent  probes  1  *  Haugland 

Ved. 

9-10  Fundaaentals  of  ELM  •  SJS 

10  Fluorescent  probes  II  •  Haugland 

4  Glutaaate  and  Ca  In  astrocytes  *  Flnkbelner 

Thur. 

9*10  Fundaaentals  of  ELM  *  SJS 

10  3*diaensional  laage  processing  *  Argiro 

II  Ca  in  neurons  *  Tseln 

4  Physiology  of  lyaphocytcs  *  Mika  Cahalan 

Fri. 

9-10 
10 
4 

Sat. 


Lab  day 


Fundaaentals  of  ELM  •  SJS 
Laser  technology  -  J.R.  Young 
CCD  caaeras  •  Bruchaan 


Ken.  July  11. 

9*10  rundeaentels  ef  ELM  •  SJS 

10  Introduction  to  lo«|o  preco«aln|  aoftvaro,  u»«r 

Intorfoeoa  •  T.  Ineuo 
4  Co  4  Rouronol  ftewth  •  Kotor 

Tuot. 

9-10  Fundoacntolo  of  ELK  •  SJS 

10  Tho  video  procoosing  pipollno  •  Stolnboch 

4  Kicrotubulo  bosod  ootility  •  Volo 

Vod. 

9*10  Frontloro  of  ELK  •  SJS 
10  Fluoroscont  probe  frontlero  •  Houjlond 

4  Broin  ollcet  •  Hodlson 

Thur. 

9ol0  Video  editing  •  Hork  Shelly 

10  Optleol  recording  of  oeabronc  potentlol  •  Lev  Roa 

4  Meehonisas  of  Co  oselllotlono  •  Sttyer 

Frl. 

9<10  Frontiers  of  ELM  •  SJS 

10  Mlcrospeetrophotoaetxy  •>  Delay 

4  Cortleol  oetln  states  •  A.  Spudich 


Appendix 
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FOURTH  AHHUAI. 
,R  SISSIOH  RISEARCH 
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nSHER  BALL 


U:  10- 11:20 


C«rolln«  Cl«v«n(«r  St  null  vernlculirlf:  Dlatrlbution  and 

■iccehabltat  vichin  a  kalp  foraat. 


11:20-U:30  Bill  Hoaaa 


Cytechalaaln'lnducad  aotlllty  In  aaa  urchin 

•a** 


11: 30*11 :40  Daborah  Jacoba 


ta  ATP  raquicad  for  yallow  eraacanc  formation  in 
cc a today 


11:40*11:50  Alajandro 

Caballo*Pa8lni 


CoBparaClva  amaonlua  aatlmllation  vith  light 
and  dark  carbon  fixation  for  Kacrocvatia  pvrifera. 


11:50*12:00  Allan  Milligan  Isolation  and  charactarlzation  of  light* 

harvaating  pigaant  protain  eomplexaa  from 
ovrlfera. 


12:00-1:00 


UmCH  BREAK 


SESSION  3 

Chairperson:  Richard  Zimmerman 

1:00*1:10 

Carolyn  Fleming 

Chromosome  cylea  in  sea  urchin  eggs  following 
the  inhibition  of  protein  synthesis  by  emetine: 
polytene  chromosomes? 

1:10*1:20 

Xudong  Yin 

Effect  of  E-64,  an  inhibitor  of  protease 
^  activity,  on  the,  cell  cycle  of  sea  urchin  eggs 

1:20-1:30 

Jim  -Ovens 

Distribution  of  Calllostema  lleatim  with  regard 
--  to  certain  abiotic  and  biotic  factors. 

1:30*1:40 

Diana  Olson 

Habitat  associations  and  the  decorating 
behavior  of  Loxorhvncus  crlsnatus. 

1:40-1:50 

Teena  Michael 

Characterization  of  lectin  binding  proteins 
from  cell  vails  of  Zostera  marina. 

1:50-2:00 

Ian  Stupakoff 

Responses  bv  roots  of  Zostera  marina  to 
hydrogen  sulfide  and  implication  for 
respiration. 

2-:  00- 2: 10 

Alice  Cao 

Light  and  dark  regulation  of  nitrate  reductase 
in  Plva. 

2:10-2:20 

Slmlng  Vang 

The  cell  cycle  is  activated  by  the  calcium 
lonophore  A23187, 

2:20-2:30 

Jean  Liu 

The  monopolar  mitotic  cycle  in  sea  urchin  eggs. 

2:30-2:50 


COFFEE/TEA  BREAK 


t 


SESSION  4 
2:50*3:00 

3:00-3:10 

3:10*3:20 

3:20*3:30 

3:30*3:40 

3:40*3:50 

3:50.4:00 

4:00*4:10 

4:10*4:20 

4:20-4:30 


Chalrp«raoo:  David  Ep«l 

John  Hodfo  OlatrlbuClon  and  abundanca  of 

aeabranacai  on  gicrgg»til  mlXlU- 


Catharina  O'Riordan  Colony  aiza  and  orlantad  growth  of 

■aabranacea  on  Haerocyitla  pyilfsE*. 

Sean  Fain  Raatrletlon  fragaant  polyaorphlaas  in 

populaciona  of  HacrocYatia  pyrlfeid  from 
axpoaad  and  ahalcarad  loeaciona. 


Haroun  Frick 


Tarasa  Rakow 


Incarspceiaa  variation  in  the  genua 
Maeroevatla:  restriction  analysis  of  nuclear 


DKA. 


BCECF  as  a  pH  indicator  In  eggs. 


Suresh  Jesuthasan  Centrosoae  aoveaent  after  nuclear  fusion. 


Jeff  Light  & 
Jennifer  Chaffee 


Size  and  distributional  dynaaies  of  Pugettla 
products. 


'  Becky  Hughes  ■  .  The  effects  of  water  iaovesent.on  the 

distribution  and  orientation  of  DorlopSllls 
albopunctats. 


Monique  Tenarson 


Distribution  of  the  sexes  and  asexes  of 
Glgartina  conmiblfcra  and  Rhodvaenia  spp. 


Concluding  Remarks:  Randall  Alberta 
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6DMAP  Inhibits  Chromatin  Decondensation  but  Not  Sperm 
Histone  Kinase  In  Sea  Urchin  Male  Pronuclel 

D.  POCCIA,*  '  W.  PAVAN.t  AND  C.  R.  GrEEN* 

‘Drpartitwnt  o(  BtoUigy,  AmhinI  CoUfg*,  Amhrnt,  MaiiuKhutrtt$  01002,  and  ^BuxHrmiftry,  Crilutar  and  Moirtular  Btoitgy  Trainind  Pnjfn 

Johnt  Hapkim  UnivtnitySthaol of  Mfdtctnr,  Balltmonr,  Montand  21205 


TrcAtmcnt  of  ««•  urchia  ecRi  for  10  mla  prior  to  for* 
liHcalion  with  tho  kinooo  iohlbitor  6DMAP  (O-dimoth* 
ytamiaopuriac)  rovoroibly  lahibita  ■welllaft  and  Iom  of 
coaica)  morpholofy  of  the  laalo  pronuelouo-  Male  pro* 
aaeloi  iahibitod  with  1  atMODMAP  for  25  min  andorgo 
phoophoryiatioa  of  Sp  HI  aad  Sp  H2B  hi«tone«  aa  fully 
aa  do  coatrol  auclol.  Thoreforo,  Sp  hiatono  kiaaao. 
whoao  target  aoquoncea  roaomblo  thoao  of  tho  M-phaao 
hiatono  kiaaao,  la  not  inhibited  by  6DMAP,  and  Sp  hia- 
tone  phoaphorylatioB,  although  it  may  bo  neceaaary,  la 
not  aufltciont  for  ehromatia  decoadenaatioa.  o  itaa  »m- 

OuU  Of. 


INTRODUCDON 

Aa  a  conaequence  of  oventa  occurring  late  in  aperma* 
togeneaia,  tho  apermatozoon  nucleua  becomea  geneti¬ 
cally  quieacent,  uatjally  acqtiiring  one  or  more  diatinctive 
DNA  bindingproteina  and  highly  condenaod  chromatin. 
Following  fertilization,  chromatin  decordi-naation  and 
changea  in  nucleoprotein  compoaition  traiiaform  the  in¬ 
ert  aperm  nucleua  into  a  male  pronucleua  capable  once 
again  of  participating  in  replication,  tranacription,  and 
mitosia  (1). 

Male  pronuciear  development  in  the  aea  urchin  in¬ 
volves  several  changes  in  nucleoprotein  compoaition. 
The  earliest  of  these  occur  almost  immediately  upon  fer¬ 
tilization  and  result  in  modification  of  ;he  two  male 
germ-Iine-specific  histone  classes  (Sp  Hi  and  Sp  H2D) 
and  the  acqui.sition  of  histone  CS  HI  fwm  the  egg.  I.ater 
changes  include  the  loss  of  motlified  Sp  HI  and  the  accu¬ 
mulation  of  hi.stories  of  CS  H2A,  (’S  H2B,  and  H3'  from 
the  maternal  storage  pool.  The  later  events  result  in  the 
male  chromatin  histone  composition  duplicating  that  of 
the  female.  However,  the  early  mtxlifications  of  Sp  his¬ 
tones  may  be  sufficient  for  functional  reactivation,  since 
chromatin  of  similar  composition  is  present  during  sper¬ 
matogenesis  when  mitosis,  meiosis,  replication,  and 
transcription  all  <KCur  (2). 


The  two  germ-line-specific  Sp  histone  classes 
modulated  in  their  DNA-binding  capacity  by  phospb 
ylation  (3,  4).  The  multiple  sites  of  phosphorylation 
elude  rare  tetrapeptide  sequences  of  the  composit 
serine-proline  adjacent  to  two  basic  amino  acids  (lyi 
snd/or  arginine).  Identical  sites  are  found  in  the  C-( 
minal  regions  of  Hi  histones  where  they  are  targets 
the  M-phase-sp«cific  histone  kinase  jS).  Several  a 
sites  occur  in  other  nucleic  scid-binding  proteins  wl 
package  or  regulate  condensed  chromatin  such  as  h< 
titis  core  antigens,  chicken  sperm  basic  protein,  mui 
caronavirus  nucleocapsid  protein,  wheat  germ  hist 
H2A  (5),  mussel  sperm  niKlear  protein  ^3  (6),  and 
man  chromosome  condensation  regulator  RCCl  17 
In  sea  urchin  Sp  histones,  the  sequences  confer  t 
dieted  d-tum  structure  upon  the  Af-terminal  reg; 
which  mav  facilitate  their  binding  to  linker  C 
13,5,9). 

The  unphosphorylated  forms  of  Sp  histones  are  c 
acteristic  of  mature  sperm  and  may  eiist  briefly  on! 
late  spermatids  and  early  male  pronuclei.  We  previo 
postulated  a  rttle  for  their  unphosphorylated  N-tenr 
arms  in  chromatin  condensation  or  stabilization  of 
lure  sperm  chromatin  |3).  However,  a  role  in  bulk  e 
matin  condensation  was  made  unlikely  by  the  obs* 
tion  that  virtually  all  the  compaction  of  male  germ 
chromatin  during  spermiogenesis  take*  place  befon 
dephosphorylation  of  the  Sp  histones  !2).  After  ferti 
tion,  phosphorylation  appears  to  slightly  precede  de 
drnsation  of  m.-ile  pronuciear  chrotr.atin,  alfhoogl 
rapidity  of  Iwth  resjxmses  makes  their  relative  tii 
somewhat  imprecise  l-l). 

Todelineate  more  closely  the  relationship betwee 
histone  phosphorylaiion  .and  m.sle  pronuciear  chn 
tin  decondensation,  we  sooghl  an  inhibitor  of  pronu 
development.  F»sv  treatments  seem  to  reversibly  prt 
decondensation,  Of  a  wide  range  of  metaltolic  .and  • 
inhibitors  tested,  only  cold  and  N-ethyimaleimide 
lically  sloo/ed  the  rat*-  of  pronuciear  sweiling  ilO). 
former  was  etfective  at  20'C  l)elow  normal  and  wi 
versible  after  20  min;  the  latter  was  not  reversible 
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j  In  th«  hope  that  prevention  of  Sp  histone  phosphory- 
Ition  would  result  in  blockage  of  decondensation  we 
'•nsidered  kinase  inhibitors.  Recent  work  on  the  purine 
lalog  6-dimethvlaniinopurine  (6DMAP)  suggests  that 
us  drug  might  exert  its  effects  through  kinase  inhibi* 
(ll).  6DMAP  is  a  potent  cleavage  inhibitor  in  sea 
-chin  and  surf  clam  eggs  while  leaving  protein  synthe- 
I,  cyclic  AMP  phosphodiesterase  activity,  and  cAMP 
%*els  unaffected  (12,  13].  Added  just  after  fertilization, 
3MAP  blocks  sea  urchin  eggs  at  prophase  of  the  first 
Jitosis  (14).  Under  these  conditions,  it  does  not  alter 
rotease,  phosphatase,  or  synthesis  of  cyclin  (11).  It  may 
lock  activation  of  maturation  promoting  factor  (MPF), 
ut  not  the  action  of  activated  MPF  (14|. 

Since  MPF  has  recently  been  found  to  contain  a  M* 
I  base-specific  Hi  kinase  (15, 16]  and  the  sites  of  multi- 
lie  phosphorylation  of  sea  urchin  Sp  histones  include 
Ihose  phosphorylated  by  the  M-phase  histone  kinase  (5, 
I T],  6DMAP  was  expected  to  block  conversion  of  Sp  his- 
:)nea  to  their  modified  forms  following  fertilization.  In- 

I  lead  we  find  that  6DMAP  at  concentrations  sufficient 
or  full  inhibition  of  cell  cycle  events  does  not  block 
hosphorylation  of  Sp  histones  in  male  pronuclei.  In 
pita  of  the  apparently  normal  histone  modification, 
lowever,  pronuclear  chromatin  decondensation  is  fully 
nhibited,  suggesting  that  male  pronuclear  development 
s  a  multistep  process  in  which  Sp  histone  phosphoryla- 
ion,  although  it  may  be  necessary,  is  not  sufficient  for 
hromatin  decondensation. 


MATERIALS  AND  METHODS 


Stfvnjtyiottfxirotut  purpumtiis  w«rt  puirSAMd  fmm  Martnui,  Itx. 

I  Lonf  B«a<rh.  CA).  Kcc*  inhibited  by  •uMpvnftton  m  vanooa 
|^^nctntf1ltionf  of  \«,Ag‘dim«thylii<Wninf  j6  dim«thyl«minof>ufin«| 
St  MO)  in  «rti6ci«l  Mwtur  for  10  tnin  pr.or  to  f»nit 

iJUticQ.  for  tDOnoftpwrmic  ffrtiiixotion«  <1/100  vglum«  of  tliJuU  im 
•iMpontion  «rat  addad  to  a  1%  W/v)  iuapifndiofi  of  afga.  Ftrtiliwd 
^mainad  in  tha  pr*4«ncf  of  ADMAP  until  diation.  For  mar««bf!ity 
*TpariiBanU,  agfn  w<*r«  c  illnctad  by  hand  rtntnfugalion  and  waahad 

•  linaa  with  V)  vol  of  «aawatar  For  polyaparmy  fipanmanta,  un* 
-pitilizad^fga  trrafad  with  ftOMAP  in  Nfl  (30  mM  in  %aa- 

*  star.  pH  H  J)  for  10  min  with  and  thaauparnatant  waa  drawn 

and  rapUcad  with  a  roncrntratad  tparm  tunpanaion  in  ADMAP- 
'^aw$ur  containing  .1  mAf  ammottiarola  Frclilirwd  aggi  war*  allowad 
settit  and  wa«h^  with  hOMAP- naawatar  to  rarnova  aicaaa  aparm. 
AU  cuituraa  and  waAh«*R  wara  parformwi  at  15*C  Inorganic  ph^wphat# 
ofthophoaphata.  rarriar  fraa  m  w  idfraa  a«iuasHi«  «>lution,  A 
Amarnhaml  wa*  adtiad  tomhuraa  (0  I  m<’i/mll  from  20  .10 
mm  po«tfanitir4ition. 

Mala  pf*)nvj<  !ai  wara  iv»lata<I  a«  praviotialv  dawnha*!  1 1  A|  Fggi  war# 

1  ^craanad  through  Nilax  and  wa*had  twira  t/i  ramtiva  fandita- 

'ion  mtmhranaa  and  sparm  HiRtnna  axtracfion  and  gal  alactr<»t)h«»fa 
j  wara  parformad  aa  pravioijuly  fle-ncrdiasl  ( !H) 

Fgft  wara  fiiad  in  3  1  athanol  a*  atic  acid  Alniuota  wara  a((owa<f  to 
on  ahdaa  Fggn  war?  !Haina<I  with  2*^  acato  orram  7.1%  a^atic  acid. 

I  Av#fag»  dagraa  of  p<5!v*4parmy  (nl  waa  calculaiad  by  avaragtng  th# 
ttumbar  of  mala  pronoclai  par  agg  for  23  agga  ukan  fmm  aavaral 
■  diffafani  ragiona  of  tha  alida. 


RESULTS 


Effect  of  6DMAP  on  male  pronuclear  decondensation 
in  monospermie  eggs.  Male  pronuclear  decondensation 
to  a  uniformly  euchromaiic,  spherical  foim  is  complete 
by  10-12  min  in  S.  purpuratus  at  15*C  (19j.  Loss  of  coni¬ 
cal  morphology  takes  only  1-2  min.  Eggs  were  treated 
with  varying  concentrationa  of  6DMAP  to  find  the  mini¬ 
mal  concentration  which  would  fully  inhibit  male  pronu- 
ciear  decondenaation.  Unfertilized  eggs  were  suspended 
for  10  min  in  6DMAP-seawater,  then  fertilized.  Appar¬ 
ently  normal  fertilization  envelopes  appeareo  in  >95^ 
of  the  eggs  at  all  concentrations  of  6DMAP  tested.  Fer¬ 
tilized  eggs  were  left  in  inhibitor  until  fixation  at  30  min 
postfertilization.  By  tnii  time,  all  male  pronuclei  in  con¬ 
trol  eggs  bad  decondensed  (Fig.  lA).  At  the  lowest  con¬ 
centrations  of  6DMAP  used  (12, 120  /iM),  male  pronu¬ 
clei  became  spherical  but  did  not  swell  as  fully  as  those 
of  controls  (Figs.  IB  and  IC).  At  300  ftM  6DMAP  nuclei 
became  spherical  but  remained  condensed  and  darkly 
staining  (Fig.  ID).  At  600  uM  6DMAP,  male  pronuclei 
were  either  spherical  or  conical  but  condensed  (Fig.  IE). 
At  2400  uM  6DMAP,  male  pronuclei  remained  conical 
in  shape  and  appeared  localized  in  the  egg  cortes 
(Fig.  IP). 

Sperm  remained  viable  for  at  least  25  min  in  6DMAP. 
To  test  if  fiOMAP-treated  fertilized  eggs  were  viable,  the 
inhibitor  waa  removed  at  20  min  postfertilization. 
Nuclear  swelling  was  evaluated  at  40  min.  Nuclei  pre¬ 
viously  inhibited  at  600  (Fig.  IG)  decondensed  in  the 
absence  of  inhibitor  (Fig.  IH),  wbereaa  unwashed  con¬ 
trols  remained  aa  condensed  as  at  20  min  (not  shown). 
Moreover,  eggs  recovered  and  developed  after  wash  out. 
In  one  eiperiment,  94%  of  600  aAf  6DMAP  inhibited 
eggs  went  on  to  cleave.  In  a  second  experiment,  75%  of 
eggs  that  had  been  inhibited  with  600  uM  GDMAP  pro¬ 
gressed  to  blastula  and  50%  to  gastrula.  Since  600  (<Af 
6DMAP  waa  effective  for  preventing  decondensation 
hut  variable  in  maintaining  conical  morphology,  1  mAf 
6DMAP  was  used  for  most  subsequent  experiments.  At 
1  mM.  80%  of  inhibited  eggs  cleaved  after  washout  at  20 
min.  but  few  reached  blastula. 

Effect  of  6l).\1AP  on  mate  pronuclear  deconden-iation 
in  poly^prrmie  eggs.  Since  polyspermic  eggs  are  re¬ 
quired  to  facilitate  electrophoretic  analysis  of  histone 
transitions  in  male  pronuclei  |20|.  the  effects  of  6[)MAP 
were  also  evaluated  in  polyspermic  eggs.  Unfertilized 
eggs  were  treated  with  I  m.W  6DMAP  Nfl  for  10  min, 
then  polyspermically  fertilized  and  cultured  in  1  mAf 
fiDMAP  seawater.  Routinely  all  male  pronuclear  de- 
condensation  was  inhibited,  and  nuclei  remiiined  conical 
even  at  degrees  of  polysjiermy  as  high  as  2.'i  male  pronu¬ 
clei  f)er  egg.  Washout  of  the  drig  n-sulted  in  the  transi¬ 
tion  from  conical  to  spherical  nuclei  by  40  min  as  in 
monospermie  eggs  (not  shown). 
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Since  the  male  nuclei  appeared  to  be  cloee  to  the  sur¬ 
face  of  the  egg,  it  was  possible  that  nuclei  scored  as  coni¬ 
cal  and  condensed  were  not  actually  in  the  egg  cytoplasm 
and  that  the  supernumerary  sperm  only  fused  with  the 
egg  upon  removal  of  the  drug.  To  distinguish  fertilizing 
sperm  from  those  attached  to  the  surface,  we  used  the 
technique  of  Hinkley  et  oL  [21].  Unfertilized  eggs  were 
preiabeled  for  10  min  with  1  Mg/ml  of  the  DNA-binding 
fluorescent  dye  Hoechst  33334,  washed  twice  with  sea¬ 
water,  treated  with  1  mM  6DMAP-N8,  and  fertilized  as 
above.  The  egg  cytoplasm  serves  as  a  reservoir  of 
Hoechst  which  is  taken  up  by  fusing  sperm.  Figure  2B 
shows  that  multiple  conical  male  pronuclei  are  fluores¬ 
cent  and  therefore  incorporated  into  egg  cytoplasm,  but 
that  the  large  numbers  of  unincorporated  sperm  nuclei 
surrounding  the  egg  (Fig.  2A)  are  not  fluorescent.  The 
fluorescent  nuclei  eventually  became  spherical  but  were 
still  condensed  by  4  h  postfertilization  in  the  continued 
presence  of  the  inhibitor  (not  shown).  Thus  60MAP  ap¬ 
pears  to  greatly  delay  rather  than  fully  block  both  the 
loss  of  conical  morphology  and  swelling  of  male  pronu- 
clear  chromatin. 

Fertilization  normally  sets  in  motion  a  linked  program 
of  events  distinguished  aa  early  and  late  |22|.  At  least 
some  early  events  are  triggered  in  the  presence  of 
6DMAP  since  fertilization  envelope  formation,  nor¬ 
mally  caused  by  transient  Ca’*  release  in  the  cytoplasm, 
was  observed.  Ammonia  treatments  at  different  pH  val¬ 
ues  can  initiate  various  late  events  including  M-phase 
histone  kinase  cycling,  bypassing  the  early  events  (22- 
24].  If  6DMAP  blocks  an  early  event  which  in  turn  trig¬ 
gers  a  later  event  required  for  pronuclear  decondensa¬ 
tion,  activation  with  ammonia  prior  to  ezposure  to 
6DMAP  and  fertilization  might  bypaM  the  6DMAP 
block.  To  test  this,  unfertilized  eggs  were  treated  with 
N8  or  N9  (seawater  adjusted  to  pH  9.3  with  NH4OH)  for 
10  min,  then  for  10  min  in  N8  or  N9  containing  1  mM 
6DMAP  and  subsequently  polyspermically  fertilized.  In 
both  cases  male  pronuclei  remained  conical  up  to  60  min 
postfertilization  as  did  the  control  nuclei  from  eggs  re¬ 
ceiving  only  seawater  instead  of  NH,OH  (N9  results 
shown  in  Figs.  2C  and  2D).  Therefore  neither  treatment 
was  effective  in  reversing  the  6DMAP  blockade. 

Effect  of  6DMAP  on  male  pronuclear  histone  phos¬ 
phorylation.  To  determine  if  6DMAP  also  blocked  the 
male  pronuclear  histone  transitions  believed  to  be  re¬ 
quired  for  chromatin  decondensation,  pronuclei  were 
isolated  from  polyspermic  eggs  blocked  with  6DMAP. 
Eggs  were  pretreated  with  N8-1  mAf  6DMAP  for  10  min 


and  fertilized  with  sperm  in  1  mAf  6DMAP-8eawater.  At 
10  min  postfertilization  the  fertilized  egg  suspension  was 
screened  through  S3-itm  Nitez  to  remove  the  fertiliza¬ 
tion  envelopes  and  attached  sperm,  and  washed  twice 
with  large  volumes  of  1  mAf  6DMAP-seawater.  At  25 
min,  eggs  were  spun  through  a  layer  of  1  Af  glucose- 
6DMAP  at  4*C  to  remove  traces  of  unincorporated 
sperm  and  seawater.  A  small  aliquot  was  filed  (35  min 
postfertilization),  the  rest  of  the  eggs  were  lysed,  and  the 
pronuclei  were  isolated.  Fized  samples  (Figs.  2E  and  2F) 
showed  male  pronuclei  from  inhibited  eggs  were  still 
conical  and  unswollen  after  the  glucose  wash  (at  the  time 
of  egg  lysis)  whereas  those  from  uninhibited  eggs  re¬ 
mained  spherical  and  decondensed. 

Figure  3  shows  the  electrophoretic  results  of  two  ez- 
periments.  All  cultures  were  fertilized  to  the  same  degree 
(13-14  male  pronuclei/egg).  In  Fig.  3B,  male  pronuclear 
histones  from  a  culture  inhibited  with  600  itM  6DMAP 
is  shown  compared  to  the  untreated  control  (Fig.  3A). 
In  this  sample,  male  pronuclei  showed  some  degree  of 
rounding  up  (see  Fig.  IE).  In  Figs.  3C  and  3D,  prepara¬ 
tions  from  parallel  samples  inhibited  in  1  and  3  mAf 
6DMAP  are  shown.  In  these  samples,  male  pronuclei  re¬ 
mained  conical  and  unswollen  (see  Fig.  IF). 

All  electrophoretic  patterns  are  very  similar.  The  Sp 
histones  are  virtually  entirely  in  the  phosphorylated 
forms  N  (from  Sp  Hi)  and  O/P  (from  the  similar  vari¬ 
ants  Sp  H2B-1  and  Sp  H2B-2)  at  all  but  the  highest 
6DMAP  concentration.  Arrows  indicate  the  electropho¬ 
retic  positions  of  unmodified  Sp  histones.  The  ratio  of 
0/P  to  the  other  core  histones  is  close  to  1  for  inhibited 
or  control  samples,  ezcept  for  the  3  mAf  sample  (Fig. 
3D).  CS  HI  is  efficiently  incorporated  into  nuclei  at  all 
6DMAP  concentrations.  Therefore  essentially  complete 
conversion  of  Sp  histones  to  their  modified  forms  takes 
place  in  the  presence  of  6DMAP  in  male  pronuclei 
whether  or  not  they  have  undergone  shape  change  or 
swelling. 

Some  minor  differences  are  detectable.  There  is  a 
higher  ratio  of  the  Sp  Hl-derived  protein  N  to  core  his¬ 
tones  at  the  two  highest  6DMAP  concentrations,  indi¬ 
cating  removal  of  N  from  pronuclear  chromatin  may  be 
slightly  less  efficient  under  those  conditions.  Traces  of 
the  unphosphorylated  Sp  Hi  (probably  <5%)  are  also 
present  in  these  two  samples.  The  most  striking  differ¬ 
ence  occurs  at  3  mAf  6DMAP  in  which  conversion  of  Sp 
H2B  is  less  extensive  than  conversion  of  Sp  HI,  perhaps 
proceeding  to  only  SO'e  as  judged  by  the  ratio  of  O/P  to 
other  core  histones.  A  heavy  spot  is  pr»sent  where  Sp 


FIO.  I.  Effwu  of  6DMAP  on  m«l«  ptonuflMr  <>contWnMiion  in  monotpcrmic  »es  urchin  exx*.  (A-F)  I>)»«x»  rlfcct*.  (A)  0  nM,  (H)  20 
sM,  (C)  120  nM,  (D)  .100  uM,  (E)  600  itM,  (F I  2400  i,Af  60MAP  Exxs  w»r*  for  10  min  prior  ro  frrtiliMiion,  frrtilircH  «n<(  c\iltur«f  in 

th«  prrwnce  of  Inhibilor  for  30  min,  thtn  fij»<(  «nd  •Uined  with  •crlo  orcnn.  Arrow  mdiciilrt  the  weakly  lUinmx  male  proniicleua  from  the 
uninhibited  control  All  picture*  at  the  *am#  maxnification.  (0.  H)  Revereibility.  A  culture  treated  aa  abok*  with  600  nM  60MAP  w*«  divided 
in  two  at  20  min  poatfrrtilirjition,  and  the  drug  wa*  waihed  out  of  one  -ulture  ((it  Fiialion  at  20  min;  (Hi  6«ation  at  40  min  of  culture  »**hed 
»t  20  min.  Picture*  taken  at  appmiimately  3x  xreater  magnihcaticn  than  (A-F!. 


FIG.  2.  Effects  of  6DMAP  on  male  pronucleardecondenMtion  in  polytipermiCM*  urchin  t((S.  (A,  B)  Uptakt  of  spemi.  Eftp  were  prelabeled 
with  Hoechat  33334  prior  to  1  mAf  6DMAP  treatment  and  polyspermic  fertilization.  Same  eft  pbotoftaphed  with  phase  contrast  (A),  showing 
large  numbers  of  external  sperm,  and  with  fluorescence  (Bl.  showing  several  incorporated  but  condensed  sperm  nuclei  in  the  egg  at  30  min 
pcstfertilizaiion.  (C.  D)  Lack  of  reversal  of  inhibition  by  prior  egg  activation.  Cultures  were  inhibited  with  1  mM  6DMAP  except  one  (D)  was 
activated  with  seawater  adjusted  to  pH  9  with  NH,OH  for  20  min  prior  to  fertilization,  the  last  10  min  of  which  included  6DMAP.  Control 
treated  with  seawater  for  10  min,  then  N9-6DMAP  for  10  min.  Both  cultures  were  fixed  at  60  min  postfertilization.  IE.  F)  Appearance  of  nuclei 
just  prior  to  isolation.  .Nuclei  from  polyspermic  eggs  washed  at  2S  min  postfertilization  with  cold  I  Af  glucose  (10  rein  wash  tiinel.  just  before 
lysis  into  isolation  buffer.  Inhibited  nuclei  retained  their  original  appearance  throughout.  Male  pronuclei  from  control  polyspermic  eggs  are 
somewhat  less  decondensed  than  those  from  monospermic  eggs.  In  E.  two  male  pronuclei  are  in  the  same  plane  of  focus  as  the  female  large 
pronucleus.  (E)  Uninhibited  control;  (F)  inhibited  with  I  iuM6DMAP. 


H2B  and  contaminants  from  egg  cytoplasm  run  {3  j.  3D  is  largely  unmodified  Sp  H2B,  but  those  in  Figs.  3A- 
Judging  from  the  ratios  of  0/P  to  other  core  histones,  it  3C  are  largely  contaminants.  In  any  event,  complete 
is  likely  that  the  spot  indicated  by  the  lower  arrow  in  Fig.  conversion  of  Sp  histones  (especially  Sp  H2Bs)  to  the 


■  SDS N  of  6DMAP  inhibiud  n*.-  Km  di».„.ioo  conUia.  .eidM«.-Triton  X- 

irf  dumntion  0,1%  SDS  <A)  No  mh.bttot  .v,rt*.  degm  of  poly«p.nDy  /i  -  13  t  4;  (B)  «»  6DMAP,  fi  -  14  ±  3;  (C>  1  toAf 

n  14  ±  5,  (D)  3  mAf  6DMAP.  n  -  13  ±  5.  Embryo*  w«re  wubcd  iji  eoJd  iIucom  at  2S  mia  and  lyicd  at  35  min  po*tf*rtilization 
lu«bcatapo*itioniwh»r«SpHl*ndSpH2Bmark»rirMn,  nun  poaiwrtnuauon. 


Esd  foriES  may  b«  somewhat  retarded  under  very 
3MAP  conditions,  but  at  1  xaM  6DMAP,  Sp  his- 
nversion  is  virtually  complete  in  the  conical,  con- 
pronuclei. 

g  -®  6DMAP  has  been  reported  to  be  a  kinase  inhibi- 
^he  modified  sperm  histones  are  believed  to  de- 
^“  phosphorylation  of  Sp  histones,  a  culture  was 
^’^h  I  mAf  6DMAP  as  above,  and  labeled  with 


'^^l®rthophosphate  from  20-  to  30-min  postfertiliza- 
^“nuclear  histones  from  inhibited  and  control  cul- 


*fe  shown  in  Fig.  4.  The  cultures  were  similar  in 
^  of  polyspermy  (male  pronuclei/egg  =  21  ±  4  for 
^1,  25  ±  6  for  6DMAP).  The  stained  gels  show  sim- 


■1 


,^tone  patterns  (Figs.  4A  and  4B).  Again,  conver- 
,«>  N  and  0/P  are  virtually  complete.  The  corre¬ 


sponding  autoradiograms  show  that  the  proteins  N  and 
O/P  are  indeed  phosphorylated  in  the  presence  (Fig.  4D) 
or  absence  (Fig.  4C)  of  6DMAP.  In  fact,  compared  to  the 
control,  Sp  histones  from  the  6DMAP-treated  culture 
exhibit  somewhat  higher  specific  activities.  Most  other 
proteins  on  the  gel  showed  lower  levels  of  phosphate  in¬ 
corporation  indicating  a  general  inhibition  of  phosphor¬ 
ylation.  .since  nuclei  were  conical  in  the  inhibited  cul¬ 
ture,  we  conclude  6DMAP  does  not  suppress  deconden¬ 
sation  by  inhibiting  phosphorylation  of  Sp  histones. 

DISCUSSION 

6DMAP  and  Sp  hL*tone  phosphorylation.  Loss  of  the 
sperm  nucleus  conical  morphology  and  chromatin  de- 
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PIG.  4.  Photphorylatioo  of  Sp  hiatonca  in  the  presence  of  6DMAP.  Two-<limensional  (el  electrophoresis  u  in  Fif.  3.  (A,  C)  Untreated 
control,  li  »  31  ±  4;  <B,  O)  1  mM  6DMAP-treated,  li  •  2S  ±  6.  (’^PJorthophosphaU  was  added  at  30  min,  embryos  were  lysed  at  35  min 
postfertilization,  and  nuclei  were  isolated.  C  and  D  are  autoradioframs  of  gels  in  A  and  B.  respectively. 


condensation  precede,  and  perhaps  are  required  for,  ge¬ 
netic  reactivation  of  the  sea  urchin  male  pronucleus. 
DNA  and  RNA  synthesis  are  initiated  with  male  pronu- 
clear  chromatin  of  histone  composition  and  physical 
structure  very  similar  to  those  of  genetically  active  fe¬ 
male  pronuclei  or  spermatid  nuclei  [25, 26).  Genetic  re¬ 
activation  of  the  male  pronuclei  follows  a^r  the  phos¬ 
phorylation  of  Sp  histone  variants  and  chromatin  de- 
conderisation  [3, 26). 

It  is  clear  from  our  results  that  the  phosphorylation  of 
Sp  histones  is  not  sufBcient  for  male  pronuclear  decon¬ 
densation.  Phosphorylation  can  take  place  in  a  fully  con¬ 
densed  pronucleus  which  has  maintained  its  conical 
morphology.  Indeed,  the  specific  activity  of  phosphory- 
lated  Sp  histones  under  these  conditions  is  somewhat 
higher  than  that  of  controls.  Thus  6DMAP,  which  sub¬ 


stantially  inhibits  kinase  activity  in  eggs  (Ref.  11;  Fig.  4, 
this  paper)  does  not  inhibit  the  kinase  responsible  for 
Sp  histone  phosphorylation.  This  kinase  has  substrate 
specificity  resembling  that  of  M-phase  histone  kinase 
[5. 17). 

6DMAP  and  egg  activation.  How  6DMAP  exerts  its 
effects  prior  to  or  at  fertilization  is  not  clear.  Previous 
studies  using  6DMAP  on  echinoderm  eggs  showed  that 
it  is  a  potent  reversible  inhibitor  of  meiotic  progression 
and  mitotic  cycling  [11, 14).  Relatively  few  experiments 
have  explored  treatment  with  6DMAP  prior  to  fertiliza-  | 
tion  in  the  sea  urchin,  whose  eggs  are  fertilized  after 
completion  of  both  meiotic  divisions. 

Known  early  triggers  at  fertilization  involve  phospha- 
tidylinositol  pathways  which  result  in  cleavage  of  phos-  i 
phatidylinositol-4,5-bispho8phate  to  inositol-l,4,5-tri- 
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phosphate  (IP3)  and  diacylglycerol.  Since  IP3  is  believed 
to  trigger  Ca**  release,  yet  fertilization  membrane  eleva¬ 
tion.  which  is  initiated  by  Ca*'*  release,  occurs  normally 
in  the  presence  of  6DMAP,  the  IP3  pathway  seems  unob¬ 
structed. 

Since  IP3  and  diacylglycerol  are  produced  in  the  same 
reaction,  we  can  assume  diacylglycerol  production  is 
normal.  Diacylglycerol  is  thought  to  lead  to  alkaliniza- 
tion  of  egg  cytoplasm  at  1-5  min  postfertilization, 
through  activation  of  protein  kinase  C,  which  in  turn  ac¬ 
tivates  a  Na*/H*  carrier  [27, 28).  A  block  following  diac¬ 
ylglycerol  formation  might  lead  to  inhibition  of  decon¬ 
densation.  However,  we  find  that  treatment  with  NS  or 
N9  for  10  min  prior  to  6DMAP  treatment,  which  should 
be  sufficient  for  artificial  cytoplasmic  alkalinization, 
does  not  appear  to  relieve  the  6DMAP  block.  It  has  been 
reported  that  6DMAP  does  not  alter  cAMP  levels  in  sea 
urchin  eggs  [13],  so  cAMP-dependent  pathways  are  also 
unlikely  candidates  for  the  mediation  of  the  6DMAP 
effects. 

6DMAP  and  MPF  activity.  Although  the  phosphor¬ 
ylation  of  Sp  histones  at  fertilization  might  be  consid¬ 
ered  a  specif  case  of  nuclear  protein  modification  in  oo¬ 
cytes,  there  are  several  reasons  to  believe  it  shares  some 
aspects  in  common  with  modifications  occurring  at  mi¬ 
tosis:  (1)  tetrapeptide  phosphorylation  target  sequences 
of  Sp  histones  following  fertilization  and  somatic  Hi’s  at 
mitosis  are  identical  [5];  (2)  the  behavior  of  prematurely 
condensed  tperm  chromosomes  and  mitotic  chromo¬ 
somes  (response  to  cytoplasmic  signals  and  phosphory¬ 
lation  of  Hi  histones)  is  similar  [29, 30];  and  (3)  chromo¬ 
some  condensation/decondensation  is  controlled  by 
MPF  for  mitotic  and  meiotic  chromosomes  in  somatic 
cells  or  oocytes  [31]. 

Recent  studies  suggest  that  cell  cycle  progression  in 
early  embryos  depends  on  MPF  activity  which  may  in¬ 
volve  at  least  two  components,  a  kinase  capable  of  phos- 
phorylating  histone  Hi  [15, 16, 32]  and  cyclin,  a  protein 
constitutively  synthesized  and  periodically  degraded 
(33, 34].  In  sea  urchin  eggs,  cyclin  is  a  component  of  the 
M-phase  histone  kinase  [35]. 

Hi  kinase  activity  in  the  mitotic  cycles  of  early  sea 
urchin  embryos  was  measured  by  Meijer  and  Pondaven 
[24].  This  activity  resembles  the  growth-associated  ki¬ 
nase  activity  thought  to  be  responsible  in  this  and  other 
cell  types  for  Hi  phosphorylation  [36|.  Meijer  and  Pon¬ 
daven  [24]  found  that  Hi  kinase  was  inhibited  by 
6DMAP  by  more  than  90%  in  the  range  600-1000  jiAf, 
the  range  found  to  be  effective  at  preventing  pronuclear 
decondensation  in  our  study.  Ammonia  at  pH  9  but  not 
et  pH  8  triggered  HI  kinase  cycling;  Ca’*  ionophore 
A23187  could  not.  Most  interestingly,  the  authors  re¬ 
ported  a  transient  peak  of  kinase  activity  appearing  just 
•fter  fertilization  (Fig.  1  of  Ref.  [24]).  The  kinetics  make 
this  activity  a  likely  candidate  for  the  Sp  histone  kinase 


which  we  previously  suggested  to  be  the  same  as  the  M- 
phase  histone  kinase  [5].  However,  we  were  not  able  to 
alter  6DMAP  inhibition  by  pretreatment  of  eggs  with 
N-9,  which  should  initiate  Hi  kinase  cycling  [24]  and 
cyclin  synthesis  [37]. 

Neant  ef  oL  [14]  reported  that  although  60MAP 
added  at  30  min  postfertilization  inhibited  cyclic  protein 
phosphorylation  without  affecting  cyclin  synthesis  and 
degradation,  when  it  was  added  before  fertilization,  it 
affected  cycling  of  cyclin.  Althou^  data  for  the  latter 
effect  were  not  given,  it  was  implied  that  cyclin  was  syn¬ 
thesized  but  not  degraded.  It  is  not  apparent  how  inhibi¬ 
tion  of  cyclin  degradation  which  occurs  at  the  first  mito¬ 
sis  could  impede  pronuclear  decondensation  which  oc¬ 
curs  within  a  few  minutes  of  fertilization,  unless  levels  of 
cyclin  are  high  or  build  up  in  6DMAP-inhibited  oocytes 
before  fertilization.  The  egg  might  then  be  arrested  and 
incapable  of  exiting  this  state.  Since  female  pronuclear 
chromatin  is  decondensed  throughout  the  period  wlien 
male  pronuclei  normally  swell,  a  general  arrest  in  some 
sort  of  chromosome-condensing  cytoplasmic  state  seems 
unlikely. 

Sp  histc.te  phosphorylation  and  chromatin  deconden¬ 
sation.  It  is  commonly  suggested  that  the  M-phase  ki¬ 
nase  controls  chromosome  condensation  through  phos¬ 
phorylation  of  Hi  [36.  38].  In  male  pronuclei,  however, 
the  effect  is  opposite;  phosphorylation  is  correlated  with 
decondensation.  We  believe  that  phosphorylation  of  his¬ 
tones  modulates  ionic  interaction  with  DNA  which  per¬ 
mits  other  factors  [7, 8)  to  control  the  state  of  condensa¬ 
tion  of  the  chromatin.  Several  observations  support  this 
view.  In  the  first  mitotic  cycle  of  sea  urchin  embryos, 
inhibition  of  chromosome  condensation  by  the  protein 
synthesis  inhibitor  emetine  does  not  affect  phosphoryla¬ 
tion  of  CS  HI  [30].  In  HTC  cells,  inhibition  of  dephos- 
pborylation  with  ZnC\t  does  not  inhibit  chromosome  de¬ 
condensation  [39].  During  sea  urchin  spermiogenesis, 
virtually  all  chromatin  condensation  takes  place  before 
histone  dephosphorylation  of  ^  HI  and  Sp  H2B  [2]. 

The  present  study  indicates  that  Sp  histone  phos¬ 
phorylation  is  not  sufficient  for  male  pronuclear  chro¬ 
matin  decondensation  following  fertilization.  It  is  not 
clear  whether  decondensation  in  vivo  can  occur  in  the 
absence  of  Sp  histone  phosphorylation,  but  it  has  yet  to 
be  observed.  An  effective  reversible  inhibitor  of  Sp  his¬ 
tone  kinase  would  aid  in  the  analysis  of  the  requirement 
for  phosphorylation. 

It  seems  likely  that  the  function  of  Sp  histone  variants 
is  to  stabilize  the  structure  of  the  mature  sperm  nucleus. 
In  this  way.  their  effects  are  analogous  to  the  disulfide- 
linked  protamines  of  mammals  [1].  In  mammals  there 
is  good  evidence  both  in  vivo  and  in  vitro  that  disulfide 
reduction  permits  decondensation  [40].  It  is  possible 
that  phosphorylation  serves  the  same  function  in  sea  ur¬ 
chin  sperm  histones  as  reduction  in  mammalian  prot- 
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amines,  and  that  once  this  event  has  occurred,  alter¬ 
ations  of  the  degree  of  chromatin  swelling  can  proceed 
by  other  cellular  mechanisms. 

The  occurrence  of  the  tetrapeptide  ser-pro  adjacent 
to  two  basic  amino  acids  in  viral  proteins,  unique  sperm 
proteins  of  invertebrates  and  vertebrates,  and  plant  his¬ 
tones  suggests  that  reversible  phosphorylation  may  be 
involved  in  many  different  schemes  for  packaging/un¬ 
packaging  chromosomes  (5],  Its  occurrence  in  a  negative 
regulator  of  human  chromosome  condensation  lends 
further  support  to  this  interpretation  (8). 

Preliminary  etperimenta  were  performed  in  the  Cell  Biology  of 
Early  Development  summer  course  at  Hopkins  Marine  Sution  in 
1988,  partially  supported  by  a  grant  from  the  Office  of  Naval  Research. 
We  thank  Dr.  David  Epel,  Ken  Sawin,  and  Dr.  Daniel  Mazin  for  help- 
ftil  discussions.  This  work  was  supported  by  an  Amherst  College  Fac¬ 
ulty  Research  Award,  a  Bristol-Myers  Co.  Grant  of  the  Research  Corp. 
(C-2466),  and  NIH  Grant  HD  25679  to  D.P. 

Note  added  in  proof.  F.  C.  Luca  and  J.  V.  Ruderman  (dl)  have  re¬ 
ported  that  6DMAP  and  N-ethylmaleimide  are  members  of  a  small 
group  of  inhibitors  of  cyclin  destruction  in  eitro.  Since  60MAP  (this 
study)  and  NEM  (Luttmer  and  Longo,  Ref.  flO])  are  potent  inhibitors 
of  male  pronuclear  decondensation  in  sea  urchin  eggs,  we  suggest  that 
cyclin  levels  (and  therefore  HI  kinase  activity)  may  be  high  in  the 
unfertilized  egg  and  cyclin  destruction  at  fertilization  might  be  re¬ 
quired  for  decondensation. 
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SUMMARY 

In  this  study,  va  hava  docuarantad  tha  configuration  of  alcrottibulas  and 
eantrosooea  In  varly  davalopaant  of  tha  phlabobranch  Asetdta  earatodes. 

Cantrosonas  uara  dataccad  using  a  polyclonal  anclsarua  to  tha  cantrln  solaeula 
(1),  Va  show  hara  that  tha  spans  contrlbutas  tha  actlva  cantrosoaa  In 
davaloprant.  Following  tha  first  phasa  of  ooplasalc  sagragatlon,  tha  patamal 
cantrosoisa  was  Initially  suoclaally  coapactad  and  nuclaatad  a  tiny  spans  astar 
at  tha  vagatal  pola  which  subsaquantly  enlarged.  However,  ancl>centrln 
reactivity  was  absent  frosi  tha  unfartlllzad  egg.  Following  tha  cosiplatlon  of 
aalosls,  tha  cantrosoaa  nucleated  alcrotubulas  chat  peraaatad  tha  entire 
zygote  reaching  tha  eortax  at  tha  anlaal  pola.  Slaultanaously,  the  spara 
aster  algracad  sub-aquatorlally  to  the  future  posterior  pola  of  tha  aabryo, 
parallel  to  Its  cortex.  Following  eantrosona  duplication,  pronuelaar  fusion 
occurred  and  the  altotle  apparatus  chan  algratad  to  a  sub-aeeantrle  position 
In  tha  eycoplasa.  As  the  altotle  asears  enlarged,  both  poles  expanded.  At 
cytokinesis  and  Intarphaaa  of  the  2-eall  stags,  tha  cantrosoaa  displayed  a 
perinuclear  localization.  Thaaa  findings  reveal  tha  axlatanca  of  a 
cantrosoaa  cycle  In  ascldlans,  and  suggest  that  changes  In  shapes  of 
patarnally-darlvad  eancrosoaas  aay  specify  tha  spatial  topography  of 
alcrotubulas  they  nuclaaea. 

INTRODUCTION 

Mora  than  eighty  years  hava  elapsed  since  Conklin  first  published  his  now 
Illustrious  aonograph  on  the  call  llnaaga  of  tha  asetdlan  agg  (2).  Ha 
observed  that  following  fertlllzaclon,  tha  eggs  of  Stvala  partita  underwent  a 
spectacular  series  of  cycoplasalc  raarrangeaancs ,  lacar  to  be  collectively 
defined  as  ooplasalc  segregation  (3).  Tha  ascldlan  agg  Is  said  to  be 
"mosaic*,  in  chat  the  prlaary  lineages  (auscla/aasanchyne,  notochord,  andodera 
and  ectoderm)  are  rigorously  deteralned  by  a  phenomenon  known  as  cytoplasmic 
localization.  Conklin  first  denonstrated  this  mechanism  by  Isolating  or 
ablating  selected  blascomeres  In  early  elaavaga  stages.  Uhlccaker  later 
confirmed  It  (4)  using  cleavaga-arrastsd  embryos.  The  appaaranca  of  llneaga- 
speclfle  markers  in  selected  blastooere  aubsacs  supported  tha  hypothesis  that 
cytoplasmic  determinants  specifying  tha  expression  of  chase  markers  bacama 
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**8'^*8*Md  tnso  particular  cell  lineages  during  davalopaane.  It  la  ballevad 
that  these  'deteralnents*  aey  be  aaternelly  Inherited  aRMAs  which  ectlvate 
groups  of  genes  In  specific  lineages  (3).  A  variety  of  studies  have 
lapltcated  various  eytoskelatal  eleaents  In  the  aedlatlon  of  cytoplasalc 
segregation,  Including  alcrofllaaents  In  aseldlans  (3,5)  and  neaacodes  (6), 
and  alcrotubules  In  neaertlnes  (7)  and  amphibians  (8).  Sawada  (5)  and  Jeffery 
(3)  have  proposed  a  modal  In  which  a  cortical  contraction  of  alcrofllaaents 
may  provide  the  ootlve  force  during  the  first  phase  of  ooplasale  segregation, 
In  which  the  spera  and  ayoplasalc  material  aceuaulate  at  the  vegetal  pole. 

The  second  phase  is  characterized  by  the  foniatlon  of  the  various  territories 
of  the  future  tadpole.  Here,  wa  have  documented  the  organization  and 
structural  changes  which  take  place  In  alcrotubules  and  centrosomes  of 
unfertilized  eggs  and  early  eabryos. 
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KATERIALS  AND  HrTHOOS 


aHIWAW 

A8.Cl<;*t8  eeratodes  was  collected  off  the  floating  docks  at  Fisherman’s 
Wharf  in  Honcerey  Bay,  CA.  The  eggs  which  lay  gravid  in  the  female  gonoduct, 
and  which  arrested  at  Mtaphase  I  of  aelosls,  were  surgically  reaoved  and 
placed  In  Sterile  0.2  alcron  Filtered  Sea  Vatar  (SFStf)  prior  to  each 
exparlaant.  Spera  was  collactad  dry,  usually  from  a  different  animal,  and 
storad  at  4^C  until  naedad. 

DE<a0R10NATI0N  FROCEOURE  gJSQ  FERTILIZATION 

Ascldla  eggs  were  dachorlonated  following  a  modification  of  the  procedure 
described  by  Hica>Hlyazawa  (9) ,  fertilized  with  a  preactivatad  spent 
suspension,  and  incubated  at  16°C.  Nomal  davelopaent  ensued  and  swlaaing 
tadpoles  coaplete  with  ehordate  aorphology  were  obtained  18-20  hours  later. 
P,ETERCEW  EXTl^CTXOa  m  immunofluorescence  EMBRYOS 

Unfertilized  eggs  and  dechorionated  embryos  of  various  stages  vers 
htiefly  laaersed  in  two  volumes  of  alerotubule- stabilizing  buffer  (MSB:  0.3M 
potassiua  gluconate,  0.33  M  glycine,  5aM  ECTA,  2aM  aag,iesluB  sulfate,  lOaH 
sodluB  chloride,  St  glycerol  and  lOaH  MES,  pH-8.0)  which  had  bean  overlaid  In 
a  conical  centrifuge  tube  containing  10  voluaes  of  extraction  buffer  (MSB  * 
0.1%  triton  X-100,  pH-6.0).  The  eggs  were  extracted  for  one  hour,  after  which 
they  were  placed  onto  Poly-L-Lyslne-coated  (390,000  MW,  Sigma)  chamber  slides 
(Nunc  Inc.,  Naperville)  for  20  alnutes.  The  slides  were  fixed  with  cold  (- 
20°C)  methanol  for  15  alnutes  and  Chen  gradually  rehydrated  with  phosphate- 
buffered  saline  pH-7.2  (PBS).  The  eggs  were  then  Incubated  In  a  blocking 


solucion  eoncainlr.j  S%  normal  goae  sarua.'PBS  for  30  alnutas.  afcor  which  ancl- 
aouia  baca-cubulln  oonoclonal  anclbody  (Aaarihaa)  and  eanerosotu  anclserua 
(kindly  provided  by  Or.  Jaff  Sallabury,  Case  Uasearn  Rasarva  Unlvaralcy, 
Clavaland)  vara  added  at  appropriate  dilutions  and  Incubated  for  1  and  16 
hours  raspactlvaly ,  followed  by  four  washes  of  6  alnueas  each.  The  anclbody 
decaets  the  centrln  aolecule  In  plant  and  anlaal  cells  (1).  Secondary 
antibodies  which  consisted  of  Fluoresealnatad  goat  ancl-aousa  IgC  and/or  Texas 
Rad-eonjugated  goat  anci-rabblc  IgC  (Jackson  laaunoresearch,  PA)  were 
Incubated  for  1  hour,  and  washed  aa  previously.  In  the  final  step,  the  DNA 
was  labeled  with  the  fluorescent  dye  DAPI  (lug/al)  for  2.S  alnuces  and  rinsed 
twice  for  i  alnuces.  The  slides  were  aounted  with  a  solution  containing  90% 
glycerol,  10%  PBS  and  lOOag/al  OABCO  (Slgaa),  and  examined  under  a  Zeiss 
eplfluorescence  alcroscope. 

results 

normal  OEVElOBlBn:  OCCURS  roLLOWiNC  chemical  dechoriomatioh 

The  unfertilized  egg  of  Ascldta  eeracodes  Is  enclosed  within  en  inner 
layer  of  test  cells  flraly  attached  to  the  plasaa  aeabrana,  and  an  outer 
perlvlcalllne  epece  that  Is  Itself  covered  by  a  thick  proteinaceous  chorion 
upon  which  rests  a  layer  of  follicle  cells.  In  order  to  investigate 
cytoskelecal  organization  and  rearrangeaent  In  the  early  eabrye,  these  layers 
had  to  be  reaoved  without  Impairing  davelopaent.  Eggs  ware  thus  chcalcally 
deehorlonsced  and  various  batches  were  Chen  InsealnaCed  with  preacclvated 
spera  suspensions.  As  a  result,  the  denuded  eggs  Initially  exhibited  a  series 
of  rotatory  aoveaents,  and  B  alnuces  following  Insealnaclon  a  cortical 
eontractlon  developed  along  the  enlaal/vegetal  axis  which  lasted  two  alnutas 
(data  not  shown) .  First  and  second  polar  bodies  occurred  at  12  and  22  alnuces 
respectively,  and  eabryos  underwent  cytokinesis  AB-BO  alnuces  following 
Insealnaclon  followed  by  cleavages  every  20  alnuces  thereafter.  Eabryos 
reached  the  callbud  stage  around  7  hours  of  devslopreencal  clae  and  eoapleced 
eabryonlc  developaenc  around  the  saae  clae  as  chorlonaced  eabryos,  naaely  at 
13-20  hours.  These  findings,  which  will  be  described  In  full  In  a  separate 
aanuscrlpt,  demonstrate  that  normal  fertilization  end  development  occurred  In 
eabryos  deprived  of  their  chorlon/tesc  cell  layers 

A.STI-CENTRIN  RE-ACTIVITY  IS  SELECTIVE  12  IHE  PATERNAL  CENTROSONE 

The  unfertilized  egg  of  Ascldla  contains  a  network  of  microtubules 
'.hroughout  the  cytoplasm,  many  of  which  reach  the  cortex.  The  fuslfora 
aelotlc  apparatus  lays  parallel  to  the  cortex  at  Che  animal  pole  In  meloclc 


Flgur*  1.  KleroC%>bul«s  and  Canciasoaas  In  unfarcillzad,  fartlllzad  and 
aieoclc  aaeldlan  aggs.  Hulclpla  cycattars  ara  only  found  In  tha  unfarcillzad 
agg  <A),  «ihlla  eha  ehronosoacs  arrasc  In  aaCaphase  I  of  aaiosls  (B).  Following 
farclllzaclon,  eha  coapact  eanCrosoaa  nuelaacai  a  aaall  aatar  at  tha  vagatal 
pola  (C)  with  closaly  apposed  aala  pronucleua  (D).  Following  aetosls,  eha 
aicrocubulas  ara  seen  radiating  throughout  the  entire  zygote  nucleated  by  an 
arc-shaped  centrosoaa  (E.C),  which  has  algracad  sub-aquacorially  to  tha 
posterior  region.  Panel  E  shows  an  eabryo  viewed  froa  eha  vegetal 
pole,  and  feaale  pronuclel  can  be  seen  In  different  focal  planes  (F,H).  The 
paternal  cencrosoaa  duplicates  to  fora  alcoclc  poles  (I.J),  and  pronuclear 
fusion  occurs  at  alcoclc  prophase  (K,L).  At  mecaphase,  the  alcotlc  apparatus 
has  algraced  to  a  sub-eccencrlc  position  In  the  zygote  (M.N)  and  poles  enlarge 
during  anaphase  <0,P).  At  cytokinesis  (Q-S),  alcrocubules  radiate  to  the 
cortex  (Q)  and  cencrosoaes  have  a  perinuclear  localization  (R) .  Panels  (A-D, 
E-F  and  1-P)  and  C-H  are  double -stained  for  nlcrocubules  and  DNA,  and 
cencrosomes  and  CNA  respectively,  while  panels  Q-S  are  triple-stained  for 
centrosones,  alcrocubules  and  DNA.  The  bar  represents  36  alcrons. 
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MCiphax*  I  eonflgurxclon.  In  xavxral  bacchct  of  oggs,  nulelplo  eycattoti 
patntacod  tht  anclro  ogg  cytoplasa  (fig.l  A.B).  Following  forclltzaclon.  all 
eyeatcari  dliappearad  ax  aggi  undtrwan;  tha  first  phase  of  ooplasalc 
sagragatlon.  At  10  alnutat,  a  alnuta  spara  aaeat  appaarad  at  tha  vagatal  pola 
with  a  postarlorly  appotad  and  condanstd  aala  pronuclaus  (fig.l  C,D).  Antl- 
eancrln  raaetlvlty  was  raitrietad  to  and  nuelaatad  tha  spara  astar  (data  not 
shown).  Surprisingly,  tha  aalotle  apparatus,  although  basting  functional 
pelas,  did  not  stain  with  tha  cantrln  antlsanua  nor  did  tha  eytastars  of  tha 
unfartlllzad  agg.  Thasa  rasults  Indlcatad  that  natamal  and  patamal  ^^'0C 
dlf farad  structurally. 

By  18  alnutas,  Cha  spara  astar  had  anlargad  and  tha  aala  pronuclaus  had 
bagun  to  daeondansa  slightly.  At  25  alnutas,  following  aalsslon  of  tha  sacond 
polar  body,  various  avants  oecurrad  In  coneart;  first,  cha  spara  astar  now 
axcandad  along  cha  anclra  aabryo  and  aicrocubulaa  wara  scan  radiating  parallal 
CO  cha  eoreax  (fig.l  E);  sacond,  tha  dacondanslng  fanala  pronuclaus  Inlclatad 
Its  aigraclon  towards  Its  aala  councarpart  (Fig.)  F),  a  proeasa  that  raqutrad 
Intact  al.'.rotubulas  (6  and  parsonal  coaaunlcaclon) ;  third,  cha  configuration 
of  cha  patamal  eancrosoaa  vat  chat  of  an  are  which  atsuaiad  an  ancarlor 
position  ralatlva  to  tha  aala  pronuclaus  (Fig.l  G,H).  MleroCubula  bundlaa 
also  eo'loeallrad  to  this  eantrosoaal  arcs  (fig.l  E);  finally,  tha  spans 
aatar  Inlclatad  a  aigraclon  along  cha  cortax  to  a  aub-aquatorlal  localization 
which  corrasponded  to  tha  fucura  potcarlor  pola  of  tha  aabryo.  At  3)  alnutas, 
tha  eancrosoaa  saparatad  to  glvs  rlsa  to  tha  alcotlc  polas  (flgl  I,J),  aftar 
which  pronuelaar  fusion  oecurrad  at  37  alnutas  (Fig.l  K,L).  Whan  tha  aabryo 
raachad  aacaphasa  at  A2  alnutat,  cha  alcotlc  apparatus  had  algrtcad  toward  cha 
cancar  of  Chs  aabryo,  (Fig.l  H,N).  At  anaphase,  the  polas  wldanad  sccoapanlad 
by  an  l.neraasa  in  slzs  of  astral  alcrocubulas  (fig.l  C.F).  BaCvean  48  and  50 
alnutas,  cha  zygocaa  Initiated  eycoklnasls  and  raachad  cha  2-call  stage  at  52 
alnutas.  Hlerocubulas  wara  obsarved  radiating  throughout  both  blascoaaras  and 
cancrosoaas  displayed  a  parlnuelaar  localization  (figure  1  Q.R.S). 

DISCUSSION 

Tha  main  conclusions  froa  chs  present  study  ara  that  1)  ascldlans  follow 
Che  paternal  soda  of  eantrosoaal  Inharlcanca,  and  chat  11)  canrrosoaas  esn 
assume  different  shopes  following  fertilization  and  during  tha  aitotle  cycle. 
Following  sperm  Incorporation,  rhe  centrosome  is  Initially  compact  and 
nucleates  a  tiny  aster  at  the  vegetal  pole.  As  the  spera  aster  grows,  the 
male  pronucleus  decondenses  and  the  centrosome  expands.  Conklin  had 
originally  noted  (2)  that  following  its  entry  Into  tha  egg  cytoplasm,  the 
sperm  head  rotated  such  that  the  centrosome  assumed  an  anterior  position 
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CO  th*  Ml*  promielitu.  Th«  ratule*  ef  ehl*  ttudy  h4v«  eonfiraad  and 
txcandad  ehla  obtarvaclon.  At  23  ainutat,  fellovtng  aaloals,  Cha  apara 
cantrnioaa  astuiad  an  are  configuration  and  alerotubula  bundlaa  apannad  cha 
antlra  aabryo,  aa  uall  aa  ea>locallzln|  to  tha  cantroaoaal  araa.  Tha  apara 
aatar  alao  Initlaead  a  algration  along  cha  eorcax  cowarda  cha  future  poacarior 
pola  of  tha  aabryo.  In  addition,  eo'loeatiraclon  of  alerotubulaa  and  anci- 
eantrin  raacclva  aacarial  oeeurad  at  eycokinaala  and  intarphaaa  of  cha  f-eall* 
ataga  aabryo. 

Racantly,  two  groupa  raporcad  (10,11,12)  that  aaaodaraal  eraaeant 
fomaclon  waa  dapandanc  on  cha  algration  of  cha  apara  aatar  during  tha  «aennd 
phaaa  of  ooplaaale  aagragatlon,  and  that  alerotubula  tnhlbicora  pravantad  thla 
acap  In  Molgula  oeeldantalla  aabryoa  (11)  .  In  addition,  lacaa  and  Jaffary 
(11)  hava  raportad  that  axial  dataralnanca  ara  tranalancly  loeallzad  at  tha 
vagacal  pola  batwaan  tha  firat  and  aecond  phaaa  of  ooplaaale  aagragatlon  Ir 
Itvala  olleata.  Tha  ftndlnga  praaantad  hara  auggaaC  that  ehangta  In  ahapa  of 
cha  pacamal  eantroaoaa  nay  govam  ehangaa  In  tha  configuration  and  poaitlon 
of  cha  alerptubulaa  le  nuclaataa.  Tha  raorganlzaclon  of  tha  alerotubula 
natuork  by  tha  aala  cantroaoaa  auggaata  chat  It  nay  ba  a  kay  participant  In 
tha  aatabllahaanc  of  eytoplaaale  tarrltorlaa  In  aarly  davalopaant,  aa  waa 
raeancly  propoaad  In  pola  call  foraation  of  Droaophlla  aabryoa  (lA),  Raff  and 
Glovar  found  that  whan  aabryoa  wara  craacad  with  aphldtcolln  In  tha  aarly  pro- 
elaavaga  acagaa  of  droaophlla  aab~yoa,  DMA  aynchaala  waa  pravantad  while 
eantroaeaal  raptieacton  oeeurad  nomatly.  Raaarkably,  eancroaooaa  algratad  to 
tha  poatarlor  pola  and  Initlacad  pola  eall  fomaclon  In  tha  abaanea  of  nuelat 
(14).  In  aaeldtana,  tha  apara  eancreaeaa  could  eencatvably  ba  involved  In 
apaelfying  tha  polarity  of  alerocubula  cracka  onto  which  eytoplataie 
aagragaclon  would  occur.  Uhachar  tc  eontrlbucaa  aooa  alasant  of  apaelfletcy 
(accachanane  of  aatamal  oRMAa  at  nen>randoo  altaa  along  alerotubulaa),  la 
eurrantly  unknown.  Dlract  daoonacraclon  of  ayoplaaate  alaovnca  ualng  apaelfle 
antlbodlaa  (13)  ahould  ravaal  cha  axcanc  of  aagragatlon  of  Chaaa  non* 
eycoakalatal  alaaanta. 

In  eonclualon,  wa  auggaat  chat  tha  patarnal  cantroaoaa  undargeaa  ehangaa 
In  ahapaa  which  govam  alerotubula  topography.  Tha  alerotubulaa  nay  In  turn 
aarva  aa  traeka  onto  which  eytoptaaale  aagragaclon  oeeura  In  tha  aarly 
aaeldtan  aabryo.  finally,  tha  raaulta  damonaerata  tha  aalttanea  of  a 
"eantroanoa  eyela*  In  aaeldtana,  aa  originally  daseribad  in  tha  aaa  urchin 
(li).  and  attaaca  to  tha  raaarkabla  eonaarvation  of  Cha  cancrln  analogua 
throughout  evolution. 
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Abstract.  Observations  were  made  on  the  behavior  of 
nitrate  reductase  activity  in  the  green  alga  L'ha fenestrata 
under  controlled  light  :dark  regimes.  The  activity  of  ni¬ 
trate  reductase  (NR)  was  examined  in  response  to  normal 
seasonal  photoperiods  as  well  as  in  response  to  shortened 
or  extended  periods  of  darkness.  NR  activity  exhibits  a 
light-dependent  diurnal  rhythm  under  both  normal  sum¬ 
mer  and  winter  photoperiods,  with  a  maximum  in  the 
early  morning  (2  to  2.5  h  after  the  start  of  illumination). 
This  peak  of  activity  is  followed  by  a  lower  steady-state 
level  of  activity  which  is  sustained  throughout  the  light 
period.  There  is  a  sustained  minimal  level  of  activity  in 
darkness.  The  morning  peak  in  activity  is  always  ob¬ 
served  as  long  as  tissue  is  illuminated,  irrespective  of  the 
previous  light  or  dark  treatments.  As  such,  it  appears  that 
nitrate  reductase  activity  in  U .  fenestrata  \%  under  circadi¬ 
an  control.  There  is  no  major  difTcrence  in  the  NR  activ¬ 
ity  pattern  between  summer  and  winter  plants,  except 
that  the  peak  activity  values  in  winter  plants  are  consis¬ 
tently  much  higher  (5  times)  than  in  summer  plants.  The 
study  also  suggests  that  illumination  prior  to  the  normal 
start  of  photoperiod  triggers  a  different  set  of  regulatory 
mechanisms,  indicating  that  the  physiological  state  of 
plants  is  important  in  dictating  the  .NR  activity  response 
to  illumination. 


Introduction 

Nitrate  reductase  (NR)  catalyzes  the  reduction  of  nitrate 
to  nitrite,  the  first  step  and  a  potential  regulatory  site  for 
nitrate  assimilation  in  plants  (Beevers  and  Hageman 
1969).  NR  activity  is  influenced  by  a  variety  of  environ¬ 
mental  factors,  including  photon  flux  level,  light  quality, 
substrate  concentration,  ammonium,  molybdenum,  iron, 
and  other  regulators  of  growth  (Campbell  I98S).  In  addi¬ 
tion,  studies  have  indicated  a  close  association  between 
metabolism  of  photosynthetic  products  and  nitrate  re- 
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duction  in  photosynthetic  tissues.  The  coupling  of  nitrate 
and  carbon  mct,ibolisms  arises  from  the  reducing  power 
and  carbon-skeleton  requirements  for  the  synthesis  of 
amino  acids  from  ammonium  produced  during  nitrate 
assimilation  (Rathnam  1978).  Therefore,  the  role  of  light 
in  controlling  the  behavior  of  NR  is  not  simple  and  re¬ 
quires  the  investigation  of  several  different  metabolic 
compartments. 

NR  behavior  under  various  light  regimes  has  been 
-Studied  in  several  higher  plant  species  (e  g.  Shivashankar 
and  Rajgopal  1983.  Campbell  and  Smarrelli  1986.  Oalan- 
gau  et  al.  1988).  and  in  some  macrophytic  and  planktonic 
algae  (e.g.  Tischner  and  Huttermann  1978.  Weidner  and 
Kiefer  1981.  Davison  and  Stewart  1984.  Tischner  1984. 
Velasco  et  al.  1989).  These  studies  have  shown  that  NR 
activity,  enzyme  and/or  mRNA  levels  may  change  in  re¬ 
sponse  to  the  light  regime,  and  that  some  of  these  features 
appear  to  show  circadian  or  ultraradian  rhythms  (cf.  Ed¬ 
munds  1988).  These  data,  however,  are  equivocal  as  to 
whether  NR  activity  is  directly  sensitive  to  light  and,  if  so. 
at  whai  leve',  i.e.,  post-translational,  translational  or 
transcriptional.  A  post-translatioivil  control  might  entail 
enzyme  activation-inactivation,  while  translational  or 
transcriptional  regulation  implies  Je  n<no  synthesis  of 
this  protein  and  or  differential  expression  of  NR  genes. 
Marine  macrophytes  occupy  a  major  ecological  domain 
which  is  very  different  from  those  of  higher  plants  and 
phytoplankton;  therefore,  the  regulation  and  activity 
patterns  of  NR  might  deviate  significantly  from  that 
known  for  other  autotrophs.  Unfortunately,  at  present 
there  is  a  paucity  of  information  on  the  regulation  of  NR 
activity  and  NO,  assimilation  in  macroalgae,  although  a 
few  studies  have  been  done  on  the  spatial  distributions  of 
NR  activity  within  thcthallus,  such  as  Davison  and  Stew¬ 
art's  study  (1984)  which  showed  an  in  vivo  activity  varia¬ 
tion  of  0.05  to 0.3  pmol  NOj  g" '  min" '  along  the  thallus 
of  Laminaria  Jiftitata. 

The  present  investigation  sought  to  characterize  the 
behavior  of  NR  in  the  marine  macrophyte  Vha  fenes¬ 
trata.  U.  fenestrata  is  a  benthic  green  alga  possessing  a 
distromatic  thallus.  It  is  found  in  the  low  intertidal  zone 
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and  is  often  conspicuous  on  rocky  shores  on  both  the 
northeast  and  west  coasts  of  the  United  States.  The  low 
intertidal  habitat  is  characterir.cd  by  regular,  tidal  fluxes 
that  may  expose  plants  to  desiccation  and  potential  N- 
limitation  during  low  tides  (Thomas  and  Turpin  1980. 
Gerard  1982).  Previous  studies  showed  that  photosyn¬ 
thetic  capacity  in  Ulva  spp.  displays  rhythmic  patterns 
that  seem  to  correspond  to  a  circadian  tempo  (Ramus 
1981 ).  which  may  be  controlled  at  the  level  of  photosyn¬ 
thetic  electron  transport  between  plastoquinone  and 
Photosystem  I  (Mishkind  et  al.  1979).  In  addition,  there 
is  a  strict  diel  pattern  of  chloroplast  migration  between 
the  sides  and  faces  of  Uha  spp.  cells  (Brit2  and  Briggs 
1976),  the  significance  of  which  is  not  known  (Nultsch 
etal.  1981). 

Here,  we  examine  the  role  of  light  as  an  inducer  of  NR 
activity  and  consider  the  role  of  natural  and  manipulated 
daily  light  and  dark  periods  in  controlling  enzyme  activ¬ 
ity.  In  addition,  we  investigate  the  role  of  natural  summer 
and  winter  photoperiods  in  regulating  the  daily  pattern  of 
NR  activity,  since  Uha  fenestrata  in  Monterey  Bay  grow 
under  a  temperate  regime  which  is  characterized  by  dis¬ 
tinctive  seasonality  in  photoperiod. 

iVlaterials  and  methods 
Plant  material 

tVva/enM/raM  was  collected  from  an  outdoor  tank  at  the  Monterey 
Bay  Aquarium.  Monterey.  California,  during  summer  1989  and 
winter  1990.  Plants  were  maintained  in  enriched  seawater  with  an 
initial  nitrate  concentration  of  88O11.U.  at  t6’’C±2C’.  under  a 
photon  flu-x  of  200  pmol  quanta  m'  ’  s' '  P.AR  (photosyntheticalty 
active  radiation)  which  saturates  growth  and  photosynthesis  in  Cha 
spp.  (Arnold  and  Murray  1980).  Light  regimes  for  the  summer 
experiments  were  14  h  light:  10  h  dark  and  10. J  h  light:  13.S  hdark 
for  the  winter  experiments.  These  photoperiods  correspond  to  the 
natural  day  lengths  during  the  experimental  seasons  in  Central 
California.  This  irradiance  level  was  kept  constant  during  both  the 
maintenance  periods  (Id)  and  experimenul  periods.  After  the 
maintenance  period,  the  plants  were  divided  into  three  groups  cor¬ 
responding  to  different  light  treatments  (Fig.  I )  -  Group  I;  control, 
subjected  to  natural  seasonal  photoperiodic  duration;  Group  2: 
subjected  to  a  light-interrupted  dark  period  which  yielded  a  dark 
period  of  3  h  for  summer  plants  and  4  5  h  for  winter  plants;  Group 
3:  exposed  to  extended  dark  periods  of  17.0  or  17.5  h. 


NR  activity  assay 

NR  activity  was  measured  approximately  every  2  h  during  the  ex¬ 
periments  (see  Fig.  1).  Sampling  intervals  were  shortened  to  0.5  h 
during  the  dark-to-light  transitions.  Tissue  samples  were  taken  with 
a  cork  borer(l.0cm  di:m)  1  h  prior  to  the  measurement  of  enzyme 
activity.  The  tissue  disks  were  held  in  the  original  culture  medium 
until  transfer  to  the  incubation  medium.  NR  activity  was  measured 
in  vivo  by  the  colorimetric  assay  technique  modified  from  Brunetti 
and  Hageman  (1976)  and  Dipierro  et  al.  (1977),  as  described  below: 

The  incubation  medium  consisted  of  artificial  seawater  with 
20m.V/  nitrate,  and  contained  3,0%  (v  v)  (.propanol  to  increase 
the  permeability  of  the  cell  membranes.  The  concentration  of 
1 -propanol  was  optimized  for  the  Viva  fene^iraia  tissue.  For  each 
reaction,  0.05  g  of  fresh  tissue  (three  discs)  w  as  placed  in  5  ml  incu¬ 
bation  medium  and.  for  each  lime  point,  three  replicates  were  used. 
The  incubation  proceeded  for  1  h  in  darkness  (to  preveci  the  reduc- 
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Fig.  1.  Photoperiods  used  to  monitor  tight  dependence  of  nitrate 
reductase  (NR)  activity  in  Viva  fenestrata.  Light  intensity  was  con¬ 
stant  for  all  light  periods.  Group  1  represents  natural  pholoperiod 
for  each  season.  Groups  2  and  3  shortened  and  extendi  dark  peri¬ 
ods.  respectively.  Values  under  the  respective  abscissas  show  time  of 
day  (hrs).  Thick  bars  indicate  dark  periods,  (a)  Summer  experiment: 
(b)  winter  experiment 


tion  ofNOj"  to  NH4  *.  at  l6’Con  a  shaking  table,  and  subsamples 
of  1  ml  medium  were  taken  at  30  min  intervals.  Nitrite  production 
was  determined  colorimeirically  using  1  %  (w/v)  sulfanilamide  and 
0.1%  (w'v)  N-l-naphtyl-ethylenediamine  (NED).  Color  develop¬ 
ment  was  monitored  by  absorbance  at  540  nm  with  a  Hewlett-Pack¬ 
ard  diode  array  spectrophotometer  (Model  8452A).  NR  activity 
was  determined  by  the  rate  of  product  formation  and  corrected  for 
changes  in  the  volume  of  incubation  medium  during  the  sampling 
period.  Values  are  presented  as  pmol  NOj  g'*  h'‘,  which  equals 
one  unit  (U)  of  NR  activity. 

Results 

NR  activity  under  summer  and  winter  photoperiods 

Fig.  2  a  shows  changes  in  NR  activity  of  Uha  fenestrata 
under  summer  photoperiods  with  illumination  from 
06.00  to  20,00  hrs.  Activity  increased  immediately  after 
illumination,  reaching  a  maximum  (0.353  pmol  NO.  g' ' 
h' ')  after  2  h.  and  declined  to  a  plateau  at  ~ 0.1 85  pmol 
NOj  g’*  h"'  for  the  remainder  of  the  light  period 
(Table  1 ).  The  induction  rate  for  the  early  morning  activity 
maximum  was  0, 174  U  h“'.  When  illumination  ceased, 
the  activity  rapidly  dropped  to  a  minimum  of  ~ 0.006  U 
( ~  2%  of  the  maximum  activity)  within  2  h.  and  remained 
at  this  level  until  the  next  illumination  period  (see  Table  1 ). 

The  NR  activity  pattern  in  plants  under  natural  winter 
photoperiods  is  illustrated  in  Fig.  2  b,  with  illumination 
occurring  between  07.00  and  17.30  hrs.  Similar  to  the 
summer  pattern,  an  early  morning  peak  in  activity  was 
reached  ~2.5  h  after  the  artificial  sunrise,  followed  by  a 
decline  in  rate  to  a  plateau.  NR  activity  was  extremely 
low  (~2'’/o  of  the  maximum  activity)  during  the  dark 
period,  and  there  was  only  one  peak  of  activity  in  each 
light; dark  cycle. 
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Tim*  of  Day  (hrs) 

Fig.  2.  Uha  fenestrata.  Diurnal  rhythm  of  in  vivo  NR  activity  in 
plants  under  natural  photoperiods  (Group  I  plants);  thick  bars  in* 
dicate  dark  periods,  (a)  Summer  experiment  with  14  h  light:  10  h 
dark  cycle;  induction  rate  for  early  morning  peak  =  0. 1 74  U  h  '  ‘ . 
(b)  Winter  experiment  with  10.5  h  light :  13.5  bdark  cycle;  induction 
rate  for  early  morning  peak  <■  0.662  U  h* '.  Vertical  bars  •  ±SD; 
/i«3 


Tim*  of  Day  (hrs) 

Fig.  3.  Viva  fenestrata  Changes  of  in  vivo  NR  activity  in  plants 
subjected  to  shortened  dark  period  (Group  2  plants).  First  maxi¬ 
mum  is  light-induced  peak  at  night;  second  maximum  is  normal 
early  morning  peak;  thick  bars  indicate  dark  periods,  (a)  Summer 
experiment;  dark  period  shortened  to  3  h,  and  induction  rale  of 
0.136  Uh"'  for  first  peak  and  0424  Uh"’  for  second  peak,  (b) 
Winter  experiment;  dark  period  shortened  to  4  5  h,  and  induction 
rate  of  0  206  U  h ' '  for  first  peak  and  0  656  U  h ' '  for  second  peak. 
Vertical  bars  »  +SD;  /i<v3 
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Tabic  t.  t/fya  fenestrata.  Peak,  steady-slate  and  dark  values  of  ni¬ 
trate  reductase  (NR)  activity.  Steady-stale  averages  are  means 
( ±SD)  of  plateau  values  for  each  pholoperiod;  dark  averages  are 
means  ( ±  SD)  of  values  for  each  dark  period 


Light  treatments 

NR  activity  (pmol  NO,  g 

'h'--U) 

Maximum 

Steady-state 

average 

Dark  average 

Summer 

normal  photoperiods 

0.353* 

0.185 

(±0.035) 

("-7) 

0.006 

(±0.04) 

(n«5) 

shortened  darkness 

0.428*. 

0.197 

0009 

0.51 1* 

(±0.024) 

(n-5) 

(±0.000) 

(n-2) 

extended  darkness 

0.412* 

0.13" 

(±0.045) 

(/*-2) 

0.014 

(±0.015) 

(«-7) 

Winter 

normal  photoperiods 

I.7S9* 

0.345 

(±0.161) 

(n-2) 

0.030 

(±0.037) 

)n«7) 

shortened  darkness 

1.561*. 

0.921 

0.060 

1.888* 

(±0.385) 

(n  =  7) 

(±0.061) 

(n»3) 

extended  darkness 

0.612*. 

0.260 

-0.008 

1.45* 

(±0.136) 

(nmS) 

(±0.044) 

(/l•vl2) 

•  Early  morning  peak  activity 

*  Lighl'indiced  night  peak  activity 

‘  Peak  activity  after  extended  darkness 


Table  2.  Viva  fenestrata.  Induction  rates  of  in  vivo  nitrate  reductase 
activity  (pmol  NO,  g*'h'’»Uh"')  with  light-interrupted  night 
pciod  under  summer  and  winter  photoperiods  (14  h  light;  10  h 
dark  and  10.5  h  light:  13.5 h  dark,  respectively);  Group  2  plants. 
The  dark  duration  was  3  h  for  summer  plants,  and  4.5  h  for  winter 
plants  during  experiments 


Season 

NR  indiiclion  rate 

Ratio 

morning :  night 

night  max. 

morning  max. 

Summer.  1989 

0.136 

0424 

3.1 

Winter.  1990 

0.206 

0,656 

3.2 

NR  activity  during  light-interrupted  night  periods 

The  behavior  of  NR  activity  in  plants  subjected  to  a 
light-interrupted  night  period  under  summer  photoperi- 
ods  is  illustrated  in  Fig.  3a.  Two  peaks  of  activity  were 
observed  during  the  light  period.  The  first  occurred  at 
02.00  hrs,  after  3  h  of  illumination,  with  an  NR  activity 
induction  rate  of  0.136  U  h' '  (Table  2);  the  second  max¬ 
imum  occurred  at  08.00  hrs,  which  corresponded  to  the 
typical  morning  peak  observed  in  plants  under  natural 
photoperiods  characteristic  of  the  same  season  (see 
Fig.  2  a).  This  second  NR  activity  maximum  had  an  in- 
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ng.4.  Viva  fenesirata.  Changes  of  in  vivo  NR  activity  in  plants 
subjected  to  extended  dark  period  (Group  3  plants);  thick  bars 
indicate  dark  periods,  (a)  Summer  experiment;  induction  rate  of 
NR  activity  upon  illumination  =  0.078  U  h'*.  (b)  Winter  experi¬ 
ment;  induction  rate  of  NR  activity  upon  illumination  (first  peak) 
« 0.589 Uh*'.  Samples  taken  the  following  morning  indicate  a 
recovery  of  the  normal  early  morning  peak  with  continuous  illumi¬ 
nation.  Vertical  bars  •  ±SD;  rt-3 


duction  rate  of  0.424  U  h" i.e.,  -x 3  times  greater  than 
that  of  the  first  induction  event  (Table  2).  As  in  plants 
under  normal  summer  photoperiods,  there  was  always  a 
significant  level  of  NR  activity  during  the  light  period 
and  very  low  activity  ( <  5%  of  the  steady-state  level  un¬ 
der  light)  during  the  dark  period  (see  Table  1). 

The  plants  subjected  to  a  light-interrupted  night  pho¬ 
toperiod  under  winter  photoperiods  exhibited  a  behavior 
similar  to  that  of  the  summer  plant;  (Fig.  3  b).  Two  peaks 
of  NR  activity  in  one  photoperiod  were  observed  -  one  at 
0S.(X)  hrs.  7  h  after  the  onset  of  illumination,  with  an 
induction  rate  of  0.206  U  h" ',  the  other  at  the  same  time 
as  the  morning  maximum  (09.30  hrs)  in  the  control  group 
for  the  same  season,  with  an  induction  rate  of  0.6S6  U 
h"  ‘  (Table  2).  There  was  no  difference  in  the  liming  of  the 
early  morning  activity  peak  between  plants  under  differ¬ 
ent  treatments  within  the  same  season.  Interestingly,  the 
ratio  of  the  induction  rates  for  the  premature  and  normal 
activity  peaks  were  similar  in  plants  maintained  under 
summer  and  winter  photoperiods  (Table  2). 


NR  activity  in  extended  darkness 

Fig.  4a  summarizes  NR  activity  in  response  to  extended 
darkness  in  summer  plants.  Activity  was  minimal 
(0.014±0.015  pmol  NOj  g"'  h"')  until  illumination  at 
13.00  hrs,  7  h  after  the  natural  start  of  the  photoperiod, 
and  then  increased  at  a  rate  of 0.078  U  h "  ‘ .  Fig.  4  b  illus¬ 
trates  NR  activity  under  a  similar  treatment  for  the  win¬ 
ter  plants.  As  in  the  summer  plants,  the  normal  early 
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Fig.  5.  Viva  fenesirata.  Comparison  of  diurnal  rhythms  of  in  vivo 
NR  activity  between  plants  under  summer  and  winter  photoperiods 
with  light  periods  of  06.00  to  20.00  hrs  and  07.00  to  17.30  hrs, 
respectively.  Thick  bars  indicate  dark  periods  (filled  bar  summer 
open  bar;  winter) 


morning  peak  in  activity  failed  to  develop  in  the  absence 
of  illumination.  However,  when  light  was  given  the  fol¬ 
lowing  morning,  NR  activity  was  induced  with  a  maxi¬ 
mum  achieved  at  08.30  hrs.  The  first  peak  at  14.00  hrs 
after  extended  darkness  (4  h  longer  than  the  natural  dark 
duration  for  control  plants),  was  small,  and  decayed  dur¬ 
ing  the  subsequent  illumination  period  until  ~  08.30  hrs 
the  following  morning.  This  pattern  was  distinctly  differ¬ 
ent  from  that  observed  under  summer  photoperiods  (see 
Fig.  4  a). 

Despite  the  variation  in  lengths  of  the  summer  and 
winter  photoperiods,  the  NR  activity  patterns  exhibited 
marked  constancy  in  plants  maintained  under  these  con¬ 
ditions  (Fig.  5).  Winter  plants  exhibited  consistently 
higher  NR  activity  during  the  light  periods  than  did  sum¬ 
mer  plants. 


Discussion 

The  diurnal  pattern  of  in  vivo  NR  activity  in  Ulva  fenes¬ 
irata  under  natural  photoperiods  differs  remarkably 
from  the  sinusoidal  pattern  commonly  reported  for 
higher  plants  (Duke  et  al.  1978,  Shivashankar  and  Rajgo- 
pal  1983,  Duke  and  Duke  1984,  Lillo  and  Henriksen 
1984,  Galangau  et  al.  1988)  and  some  macrophytic  and 
unicellular  algae  (Weidner  and  Kiefer  1981,  Davison  and 
Stewart  1984,  Velasco  et  al.  1989,  Smith  et  al.  1992).  Gen¬ 
erally,  the  induction  of  NR  activity  upon  the  onset  of 
illumination  is  much  more  rapid  in  U.  fenesirata  (usually 
within  2  to  2.5  h  after  illumination)  than  that  reported  for 
other  plants  (Table  3).  In  addition,  nitrate  reduction  in  U. 
fenesirata  does  not  decline  monotonously  to  minimal  lev¬ 
els  after  the  morning  activity  peak  is  reached.  Instead,  the 
NR  activity  is  sustained  at  a  high  steady-state  level  dur¬ 
ing  the  illumination  periods.  This  is  the  first  report  of 
sustained  steady-state  level  of  NR  activity  during  light 
periods  in  any  plant  species.  .Also,  instead  of  showHng 
significant  changes  in  activity  during  darkness,  as  ob¬ 
served  in  other  plants,  NR  activity  in  U.  fenesirata  re¬ 
mains  at  a  minima!  to  undetectable  level  throughout  dark 
periods.  The  diurnal  pattern  of  in  vivo  NR  activity  in  U. 
fenesirata  does,  however,  share  the  single  diurnal  peak  in 
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Table  3.  Viva  fenesiraia.  Timing  of  diurnal  maximum  of  nitrate 
reductase  activity  in  dilTerent  species,  i.e.,  time  needed  to  reach 
maximal  NR  activity  after  start  of  photoperiod.  The  light; dark 
cycles  under  which  these  experiments  were  conducted  were  all  24  h. 
except  for  Chhrella  sorokiniana  which  was  1 2  h  (7  h  light :  5  h  dark) 


Species 

Time 
to  max. 
activity 
(h) 

Source 

Cocos  nuciferas  (coconut) 

Hordeum  sp.  (barley) 

8 

Shivashanicar  and 

Rajgopal  (1983) 

Arena  sp.  (oat) 

TViticum  sp.  (wheal) 

-8 

Lillo  and  Henriksen  (1984) 

Lycopersicon  sp.  (tomato) 

4-5 

Galangau  et  al.  (1988) 

Chhrella  sorokiniana 

2 

Velarco  et  al  (1989) 

Skeleionema  cosiaium 

6-8 

Smith  el  al.  (1992) 

Laminaria  digUata 

-12 

Davison  and  Stewart 

(end  of 
day) 

(1984) 

Viva  fenesiraia  ' 

2-2.5 

Present  study 

activity  observed  in  previous  studies  (Table  3).  This  peak 
of  NR  activity  is  hereafter  referred  to  as  the  normal  daily 
morning  peak. 

In  plants  subjected  to  a  light-interrupted  dark  period, 
two  peaks  in  activity  in  a  single  photoperiod  were  ob¬ 
served,  whether  plants  were  grown  under  summer  or  win¬ 
ter  photoperiods  (sec  Fig.  3).  The  occurrence  of  the  sec¬ 
ond  peak  at  the  normal  daily  maximum  and  its  markedly 
greater  induction  rate  compared  to  the  first  maximum 
(the  light-induced  peak  during  the  night)  implicate  the 
existence  of  circadian  or  ultraradian  processes  underlying 
a  diel  rhythm  in  the  regulation  of  nitrate  assimilation. 
Under  conditions  of  an  extended  dark  period,  two  fea¬ 
tures  are  notable.  First,  the  normal  morning  peak  of  NR 
activity  is  absent  when  illumination  is  not  supplied  dur¬ 
ing  the  developing  period  of  this  peak,  indirating  that 
light  is  essential  for  the  expression  of  NR  activity.  Sec¬ 
ond.  the  induction  rate  of  NR  activity  upon  illumination 
under  summer  photoperiods  is  reduced  by  ~  50%  com¬ 
pared  to  that  of  the  early  morning  peak  in  plants  under 
normal  photoperiods  (cf.  Fig.  2  a  and  4  a).  Most  likely, 
more  th  in  simole  activation  of  existing  enzymes  is  in¬ 
volved  in  the  recovery  of  NR  activity,  which  appears  to 
be  suppressed  by  prolonged  darkness. 

Although  the  natural  summer  and  winter  photoperi¬ 
ods  are  qtiite  different  from  each  other,  varying  from  14 
to  10.5  h  f.Jr  the  light  period  and  10  to  13.5  h  for  the  dark 
period,  this  difference  does  not  inlluence  the  diurnal  pat¬ 
tern  of  NR  activity  (see  Fig.  5).  The  greater  NR  activity 
maximum  under  winter  photoperiods  (about  5  times 
greater  than  under  summer  photoperiods)  probably  re¬ 
flects  the  .jutritional  history  of  the  plants.  Nitrate  supply 
is  more  Ii:  rited  during  winter  months  in  the  Monterey 
Bay  (unpublished  data  from  the  Monterey  Bay  Aquari¬ 
um).  This  observation  is  consistent  with  earlier  studies 
indicating  that  nitrogen  limitation  can  dramatically  en¬ 
hance  the  capacity  for  nitrate  assimilation  (Gerard  1982). 


The  dilTerence  between  the  summer  and  winter  pho- 
loperiods  does  not  seem  to  influence  the  patterns  of  NR 
activity  in  plants  subjected  to  light-interrupted  dark  peri¬ 
ods.  except  that  the  peak  values  of  NR  activity  are  consis¬ 
tently  higher  in  winter  plants  than  in  summer  plants. 
Although  the  light-inducMl  peak  of  NR  activity  at  night 
under  winter  photoperiods  is  notably  delayed  compared 
to  that  under  summer  photoperiods  (occurring  7  h  in¬ 
stead  of  3  h  after  the  onset  of  the  light  interruption  of  the 
dark  period)  and  t.he  induction  rates  for  peak  activities 
are  dramatically  higher  in  winter  plants  than  in  summer 
plants,  the  ratios  between  the  induction  rates  of  the  two 
NR  activity  maxima  under  each  seasonal  photoperiod 
are  similar  (see  Table  2).  This  suggests  that  the  induction 
of  NR  activity  in  response  to  illumination  prior  to  the 
normal  start  of  the  photoperiod  may  involve  the  same 
processes  irrespective  of  seasonal  photoperiods,  and  that 
the  longer  time  needed  for  winter  plants  to  reach  the  first 
maximum  in  activity  may  simply  be  due  to  a  higher  in¬ 
trinsic  capacity  for  nitrate  reduction  in  these  plants.  Fail¬ 
ure  to  develop  a  normal  morning  peak  by  plants  treated 
with  extended  darkness  demonstrates  that  light  is  essen¬ 
tial  for  the  full  expression  of  NR  activity  in  both  seasons. 

The  present  investigation  of  NR  activity  in  a  single 
temperate,  benthic  marine  macrophyte  has  yielded  an 
enzymatic  activity  pattern  quite  different  from  the  sinu¬ 
soidal  pattern  widely  described  in  higher  plants,  unicellu¬ 
lar  and  macrophytic  algae  (Table  3).  In  Uhafenestrata,  a 
diurnal  pattern  exists  in  NR  activity,  which  is  strictly 
light-dependent  and  characterized  by  an  early  morning 
peak  followed  by  a  lowered  steady-state  activity  level. 
This  die!  pattern  is  likely  driven  by  some  endogenous 
rhythm,  which  allow  s  the  assimilation  of  nitrate  to  reach 
its  climax  about  2  h  after  sunrise  irrespective  of  seasonal 
photoperiods.  In  addition,  the  lag  in  expression  of  en¬ 
zyme  activity  in  response  to  illumination  prior  to  the 
normal  start  of  the  photoperiod  suggests  that  the  abun¬ 
dance  of  the  NR  enzyme  may  also  reflect  diurnal  regula¬ 
tion  at  the  levels  of  translation  and/or  transcription  in  U. 
fenesiraia. 

Nitrate  reductase,  as  a  molybdo-flavoprotein  contain¬ 
ing  a  6-type  cytochrome,  is  well  suited  for  photorecep- 
tion.  Indeed,  several  studies  have  suggested  a  direct  blue 
light  activation  of  the  enzyme  activity  in  green  algae 
which  is  probably  mediated  through  the  flavin  moiety  on 
the  NR  protein  (Aparicio  et  al.  1976,  Lopez-Figueroa 
and  Rudiger  1991).  NR  has  also  been  implicated  as  a 
photoreceptor  for  some  blue  light-stimulated  responses 
in  Neurospora  crassa.  However,  this  activity  was  not  as¬ 
sociated  with  light-dependent  phase  shifting  of  circadian 
rhythms  in  this  organism  (see  Edmunds  1988),  indicating 
that  photoreception  by  NR  does  not  have  a  direct  role  in 
setting  the  circadian  clock. 

The  precise  ecological  significance  of  a  circadian  con¬ 
trol  of  NR  activity  in  Viva  fenesiraia  is  not  clear.  It  seems 
that  the  rapid  induction  of  NR  activity  superimposed  on 
a  circadian  regulation  of  nitrate  assimilation  is  of  benefit 
to  the  plants.  Unlike  some  kelps  that  can  store  carbohy¬ 
drates  during  periods  of  nitrogen  shortage  and  use  them 
for  nitrate  assimilation  when  nitrate  is  available  (Lobban 
et  al.  1985),  the  relatively  simple  cellular  organization  of 
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the  thallus  in  Uha  spp.  probably  results  in  a  limited  stor* 
age  capacity  for  carbohydrates.  Thus  it  may  be  advanta¬ 
geous  for  this  species  to  be  capable  of  rapidly  utilizing 
nitrate  when  light  is  available.  However,  the  rapid  re¬ 
sponse  to  and  positive  correlation  of  enzymatic  activity 
with  light  suggests  a  more  stringent  light-dependent  con¬ 
trol  of  NR  in  U.fenestrata,  which  could  limit  its  ecolog¬ 
ical  success,  especially  in  areas  with  seasonal  periods  of 
early  morning  cloud  cover.  In  order  to  gain  more  insight 
into  the  regulation  of  nitrate  assimilation  in  algae  and  to 
fully  appreciate  the  underlying  ecological  significance 
and  molecular  mechanisms,  further  studies,  especially  at 
the  protein  and  mRNA  levels,  are  needed.  Comparative 
studies  of  NR  behavior  in  different  species  and  between 
plants  under  different  physiological  states  and  environ¬ 
mental  conditions  would  also  be  valuable. 
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